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A SUPERSONIC COMBUSTION TEST PROGRAM
UTILIZING OPTICAL AND PHOTOGRAPHIC MEASURING TECHNIQUES

by

Anthony Casaccio and Richard L. Rupp

SUMMARY

An experimental study has been conducted to investigate the effects of certain
parametric variations on the supersonic combustion of hydrogen in air. The test program
was performed in a one-megawatt arc-jet facility at a Mach number of 2. 35 and an air
static pressure of 0.5 atm. Free-jet testing of single, three-point and peripheral (ring)
injection geometries were conducted for controlled variations in air static temperature,
fuel total temperature, fuel-to-air velocity ratio, fuel-air equivalence ratio and fuel-
air spacing. In addition, two segmented combustor contours were tested for various air
static temperatures (2100°R, 2700°R, 2900°R and 3100°R), fuel stagnation temperatures
of 600°R and 1000°R and fuel-air equivalence ratios of 0.5 and 1.0.

Spectroscopic and photographic techniques were employed to measure combustion
stream temperatures and to note general flame characteristics. Gas samples were
extracted from the combustion stream for each of the test runs and analyzed in a gas
chromatograph. Furthermore, wall pressures and temperatures were recorded for each

of the segmented combustor test runs in the series.

The results of the program show that changes in air static temperature, equiva-
lence ratio and fuel-air velocity ratio have, in general, a more pronounced effect on
combustion characteristics than changes in fuel stagnation temperatures. Slight effects
due to variation in fuel-air spacing were also noted. For the segmented combustor por-
tion of the experimental program, the results indicate the importance of maintaining a
pressure level above 0.5 atm. in the forward portion of the combustor and of properly
contouring the region just downstream of the fuel injection station in order to avoid a

large separated region there.
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SYMBOLS

cross-sectional area

surface area

skin friction drag coefficient

specific heat at constant pressure

skin friction drag
fuel-air ratio, Wi
w

a
u

u
a

velocity ratio,

H

stagnation enthalpy ratio, Ha

acceleration due to gravity

static enthalpy

total or stagnation enthalpy
s %k

form factor, -

6

incompressible form factor

forward reaction rate

'ignition delay length

reaction length
total reaction length

combustor length
Mach number
Stanton number

exponent in Equation (B-9)

number of moles of ith

static pressure

partial pressure

species

2D
skin friction drag coefficient defined as ( sz)a

A%



Prandtl number

local heat transfer rate
total heat transfer

total heat rejected from combustor
local cross-sectional radius
gas constant

Reynolds number

density ratio, pa/p
reaction time

static temperature

bulk temperature of fluid

saturation temperature

combustion temperature

streamwise velocity component

average streamwise velocity used in one-dimensional analysis

mass flow

molecular weight

streamwise coordinate

mole fraction

coordinate normal to streamwise direction

nozzle throat radius

ratio of mass fractions, i
Yia

exponent in Equation (B-8)

pressure gradient parameter (Appendix D)
turbulent exchange coefficient

cycle definition according to Equation (A-8)
combustion efficiency defined in Appendix A
quantity defined in Equation (D-2)

quantity defined in Equation (D-1)
coefficient of viscosity

density

wall shear stress

mass fraction of ith Species
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element mass fraction

stagnation enthalpy parameter (Appendix D)
fuel-air equivalence ratio
similarity parameter defined in Reference 23

stream function
Subscripts

refers to air values

refers to combustion values

refers to values outside the boundary layer

refers to fuel values

refers to the ith species and to initial values
refers to elements composing species (Appendix D)
refers to mixture values

refers to stagnation values

refers to flame sheet values in Appendix D and to static values
elsewhere

refers to wall values

refers to reference values
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INTRODUCTION

One of the most important problem areas related to the development of a hypersonic
air-breathing vehicle is that of the supersonic burning of hydrogen in air. Most of the
earlier work in supersonic combustion dealt with the detonation type of combustion where
premixed fuel and oxidizer entering the combustion chamber experience sufficient rise
in static pressure and temperature, due to the wave pattern there, to initiate combustion.
In this mode of combustion, the premixing of the fuel and oxidizer occurs upstream of the
combustor in a region where the static pressure and temperature are sufficiently low to

preclude the possibility of chemical reaction occurring.

Some of the earlier work in this field was carried out by Gross and Chinitz (Refer-
ence 1), Nicholls (Reference 2) and more recently Rhodes, et al (References 3 and 4).
The outcome of these investigations have indicated certain difficulties which would exist
in applying this scheme to an engine system; namely, the large total pressure losses
incurred and the general high pressure and temperature level of operation required of
the combustor.

In recent years, a great deal of interest has been generated into the possibifity
of utilizing deflagration or diffusion flames in supersonic combustion. For this mode of
combustion, the mixing and burning mechanisms are intimately connected since the onset
of combustion greatly enhances the rate of mixing. Particular applications of the low
speed fuel jet concepts, introduced in Reference 5, to hypersonic air-breathing vehicles
was first suggested by Ferri in Reference 6. The use of this mode of supersonic com-
bustion exhibits several advantages over the detonation mode of burning. In diffusion
burning, the flames are controlled by the mixing of the injected fuel with the oxidizer,
while additional thrust is derived from the injected fuel without encountering the usual

total head losses inherent in the detonation mode of burning.

The ideas and concepts introduced in Reference 6 were further developed in Refer-
ence 7 where the possibility of utilizing supersonic diffusion flames in hypersonic ramjet
operation was investigated. Results of the investigation indicated that a ramjet, using
hydrogen fuel, can produce large thrust per unit frontal area and can operate at a high

specific impulse even at hypersonic speeds. Another investigation into the possibility



of using supersonic combustion diffusion flames in hypersonic ramjet operation is

presented in Reference 8.

Since the fuel of greatest interest to the supersonic combustion concept of burn-
ing is hydrogen, a great deal of interest has been directed to the chemical kinetics of
the hydrogen-air system. Various studies into the reactions and reaction rates com-
posing the hydrogen-air system have been presented in References 9-11, while addi-

tional studies in supersonic combustion have been reported on in Reference 12-17.

In the present study, an experimental investigation was conducted to determine
the effects of controlled variations in pertinent mixing and combustion parameters such
as air static temperature, fuel total temperature, fuel-air equivalence ratio, fuel-to-
air velocity ratio and the spacing between the fuel and air streams. Single point, three |
point and peripheral (ring) injection configurations were tested during the free-jet por-
tion of the program in order to determine their relative effect on general combustion
zone characteristics, such as ignition delay and reaction length. It was originally in-
tended to use the free-jet peripheral injection data as an aid in designing the segmented
combustor contour required for the Phase II portion of the program. Due to scheduling
requirements, however, it became necessary to utilize ring injection data accumulated
in a previous in-house experimental study whose results have been presented in Refer-
ence 18. The present study can be considered a continuation of the work of Reference
18 which showed conclusively the feasibility of shock-free supersonic combustion utiliz-

ing both optical and photographic measuring techniques.

The authors wish to acknowledge the assistance of Messrs. A. Cravero and

W.B. Champney in carrying out the experimental test program.

DESIGN OF EXPERIMENTAL APPARATUS
Arc-Jet Nozzle Design

As part of the test program requirements, a Mach 2.3 arc-jet nozzle was designed
for exit conditions of 0.5 atm., 2700°R and a one inch exit diameter. The calculation of
the nozzle contour is based on the method of Reference 19 where the regions of the nozzle
are calculated from a combination of the source flow equations and the method of charac-
teristics. The computer program of the method, obtained from NASA-Langley, also
considers the boundary layer displacement effect on the inviscid nozzle flow. Some
modification to the boundary layer portion of the program was necessary since the orig-

inal program only treats nitrogen as the working gas.




Since the nozzle program only yields the supersonic contour away from the throat
region, a separate analysis was required to evaluate the contour in the subsonic and
sonic portions of the nozzle. A smooth subsonic contour is required which possesses
a zero slope at the throat and a radius of curvature there matching the supersonic con-
tour supplied by the program. These conditions together with the specification of the
coordinates of the last calculated point of the computer program, xp, yp, are sufficient

to define a cubic representation in the supersonic portion of the throat region in the form

B, o
y = (Y, - Vs - ) — + SRt Y«
p 2Rt xp3 2Rt

2
Ry = 2 A .
Yo [Z_ Ax dM
aM 2 dx

x=0 x=0

For the subsonic section of the nozzle a cubic curve fit was employed to insure

the proper entrance dimensions necessitated by the existing arc-jet hardware.

Fuel Injection Conditions and Design

A study of fuel injection conditions and related geometry was undertaken early
in the program to determine a consistent range of values for the set of parameters
selectedto be varied in the experimental supersonic combustion study. Controlled
variations in air static temperature, fuel total temperature, equivalence ratio and
fuel-air velocity ratio were the primary considerations regulating the design of the
fuel injection system. In order to maintain a shock free environment for combustion,
parallel fuel injection at a fuel static pressure equal to that of the air stream was im-
posed on the analysis used to obtain corresponding test conditions for the fuel injection
system. The nomograph shown in Figure 1 is the result of the aforementioned analysis

for a static pressure of 0.5 atm. and a Mach number of 2.3.

Four different fuel injection configurations were utilized in the test program.
These included two single-point injectors, with fuel-air separation distances of 0.108"
and 0.216" respectively, one three hole injector with a separation distance of 0.108"

and a twenty-four hole ring injector with a 0.108" separation distance. The single-



A
point and three-point injectors were designed for A—f = 0.1, whereas for the ring
a
injector the fuel-air area ratio was 0.195. A photograph of the fuel injectors used in

the experimental test program is shown in Figure 2.

Combustion Rig Design

The overall layout of the combustion rig utilized in the experimental program is
shown in Figure 3. Details of the instrumentation, fuel injection geometry, cooling
systems for the nozzle and segmented combustor and related hardware are shown in
this figure. The combustor contour shown here was designed for constant pressure
combustion for the conditions of parallel fuel injection, an air static temperature of
2700°R and an equivalence ratio of unity. Combustion tube cooling was accomplished
by means of subcooled pool boiling. The experimental data of Reference 20 was
utilized in the analysis of the combustion rig cooling system since the conditions under
which the data was taken were almost identical to those of the present study.

The solid lines in Figure 4 represent a reproduction of the fairings through the
data of Reference 20 while the dashed line is a correlation for forced convection surface
boiling which is also given in the same reference. Forced convection surface boiling
has the characteristics of being independent of the degree of subcooling and of velocity
and presumably would approach the data of Reference 20 which were taken at very low
velocities. The figure shows that this correlation gives an average of the data which
is useful in estimating wall temperature. The nearly horizontal line on Figure 4 is an
estimate of the maximum heat flux expected in the combustor tube for the design condi-
tions. The intersection of this line with the forced convection line shows that the maxi-
mum tube outer wall temperature can be expected to be 288°F while a heat balance of

the inner surface results in an expected temperature of 447°F.

Burnout heat fluxes given in Figure 4 were calculated by means of the correlation
of saturated pool boiling data that was developed by Rohsenow and Griffith (Reference 21)
and the equation giving the ratio of subcooled to saturated pool boiling burnout heat
fluxes that was developed by Kutateladze and given in Reference 22. The burnout heat
flux at Ts - Tb = 173°F corresponds to the conditions expected in the segmented
combustor.




Fuel injector surface cooling in the test setup was accomplished by means of
water circulation in the upstream half of the injector. The downstream half of the
injector surface was cooled by conduction through the beryllium-copper wall, Water
flow rates in the cooling passage were calculated assuming that the resistance to flow
occurred in the inlet and outlet tubes welded to the injector section and the injector
surface itself. For an inlet pressure of 300 psia, the water flow rate was calculated
to be 2.3 gallons per minute with a cooling passage pressure of 259 psia. At the Mach
2.3 test conditions, it was calculated that the water flow rate would maintain the inner
and outer walls of the upstream half of the injector at 288°F and 298°F, respectively.
The calculation also indicated a maximum injector surface temperature of 635°F at the

Mach 2.3 condition, occurring on the downstream end of the air nozzle exit plane.
Combustor Contour Design

The contour of the segmented combustor shown in Figure 3 is the result of an
analytical study utilizing in-house engine cycle, chemical kinetics and turbulent boundary
layer programs. The engihe cycle analysis assumes a one-dimensional inviscid flow
with constant area mixing prior to chemical reaction while the chemical . kinetics pro-
gram utilizes the best available reaction rates in determining the amount of heat re-
leased during reaction. An iterative procedure was employed in using these separate
analyses to ensure that the proper combustor drag coefficient and total heat reje}:ted
were used in the cycle and kinetics calculations. As previously mentioned, the analyt-
ical design of the combustion zone cantour was calculated for a constant pressure of
0.5 atm., 2700°R air static temperature, 1000°R fuel total temperature and ¢ = 1,
accounting for the displacement effect of the boundary layer. The ultimate variations
in displacement thickness, total drag and total heat rejected along the combustor sur-
face for the design conditions are shown in Figures 5, 6 and 7. A detailed description
of the pertinent programs utilized in the analytical design of the combustor contour are

presented in Appendix A of this report.

The analytical model used in designing the combustor contour did not account
for any physical material separating the fuel and air streams as is required in practical
applications. In order to maintain parallel fuel injection, it was required to displace
the analytical contour to allow for the structural material required between the fuel

and arc-jet air streams and that required between the fuel injector and the combustor



surface to allow sufficient machining tolerance to ensure the proper matching and
alignment of the combustor to the fuel injection hardware.

Combustor Off-Design Study

An analytical study was initiated early in the program to determine, analytically,
the off-design conditions expected during the segmented combustor tests. In order to
arrive at a good estimate for the off-design cases, it is necessary to have a proper
accounting of all losses experienced inside the combustor. In general, this entails
a complex iteration procedure between the viscous and inviscid flow calculations. In
an attempt to speed up this calculation process, an approximate analysis was developed
utilizing one-dimensional cycle equations together with the turbulent boundary layer
equations to arrive at consistent initial values of CD and QR needed in the cycle and
kinetics programs. A complete description of the analysis, which is based on the
equilibrium behavior of the Hz-a.ir combustion products, is presented in Appendix B.

DESCRIPTION OF ARC-JET FACILITY

The experimental test program was conducted at the arc-jet facility now owned
by the Farmingdale Corporation. The arc heater used to supply the high temperature
air for these tests is of the vortex-stabilized type. The configuration consists of a
thoriated tungsten tipped cathode and a tubular copper anode, both supported in a water
cooled head. An anode with 1. 125 inch inside diameter and 18. 00 inches long was used.
The electrode gap can be adjusted continuously during operation of the arc-jet in order
to optimize the arc voltage. Nitrogen is introduced with a helical motion through the
arc gap to insure uniform heating and to prevent oxidation of the electrodes. Sufficient
oxygen is added downstream of the arc heater to simulate the required composition and
weight flow of air.

A transition piece expands the hot nitrogen emerging from the anode into a plenum
chamber which is 3.50 inch inside diameter by 4. 00 inches long. Both pieces are cooled
by back surface high velocity water flow. Oxygen is injected radially into the upstream
end of the plenum in order to obtain good mixing with the hot nitrogen. The sodium
carbonate used for the sodium line reversal temperature measurements was algo in-
jected radially into the plenum to insure a more uniform distribution. A static pressure
tap measured the plenum pressure for the determination of the air static conditions.




For the testing required in the present program the downstream end of the plenum
terminated in a contoured M = 2.30 air nozzle with a 0.6366 inch diameter throat and
an exit diameter of 1.0052 inches. Cooling for the nozzle is accomplished by a high velocity
flow of water over its back surface. A static pressure tap 0.125 inches upstream of
the nozzle exit was used in maintaining a close match between the exit air static pressure

and the test chamber static pressure.

Power for the electric arc heater is supplied by eight silicon-junction rectifier
units, each rated at 120 kw. The eight units are connected in series for all tests in
order to give the highest voltage across the electrodes. For starting purposes a high
frequency, high voltage charge is superimposed on the DC output of the rectifiers,
ionizing the gas and initiating the arc. Once the arc has been started, the high frequency
voltage is discontinued as the DC arc continues to ionize the gas.

The arc generator and the tunnel components are cooled by circulation of distilled
water at a rate of up to 400 gpm through a water-to-water tube-type heat exchanger.
The heat removed from the distilled water by the heat exchanger was finally dissipated

in a single stack cooling tower.

The test chamber consists of an 8-1/2 feet diameter by 30 feet long vessel. The
test model is mounted at the upstream end at the centerline of the chamber. Eleven
12 x 48 inch windows longitudinally encircle the chamber, five of which are on the side
of the chamber with the door and the remainder on the opposite side. Special UV trans-
mitting windows, required for the optical measurements, were installed in the region of
the test. Instrumentation ports on each side of the tank provide for 54 channels of

thermocouple data, 30 manometer outlets, and other electrical signals.

Evacuation of the test chamber is accomplished by combining the last stage of the
normal five stage steam ejection system with a parallel arrangement of two auxiliary
steam ejectors. This combination gives a through flow rate of 0. 655 lb/sec.at 0.5 atm.
The inflow to the chamber reached this value when low air temperature, fuel rich runs

were made.

Nitrogen is supplied to the arc generator and to the various purge locations from
a liquid to gaseous nitrogen conversion plant, A 2600 gallon liquid nitrogen storage

tank replenishes the gaseous nitrogen stored in the 214 cubic foot, 2200 psig vessels.



The capacity of the system is such that continuous operation is possible.

Oxygen added to the hot nitrogen to simuiate air is supplied from a bank of 22
bottles initially pressurized to 2200 psig. Flow rates up to 0.075 lb/sec.are available.
The capacity of this system is sufficient for several hours of operation. A nitrogen
purging system was added to the oxygen supply in order to purge the lines of oxygen
following each test.

The hydrogen fuel supply consists of eight bottles initially at 2200 psig pressure.
During the test program the pressure was regulated at 100 or 50 psig dependent upon
fuel flow requirements. Flow rates up to 0. 0075 1b/sec.were controlled remotely from
the control console through the use of nitrogen pressurized operator valves. For safety
purposes the hydrogen system, including all controls and pressure transducers are
kept outside the facility. The hydrogen fuel is fed to the fuel plenum after flowing through
an electric heater which is capable of raising the gas temperature 500°F.

The hydrogen heater consists of a twenty foot length of Inconel X tubing one half
inch in diameter. Two welding generators, each capable of up to 12 kw output, supply
current to the heater. One generator is connected to the upstream half of the heater
and the other to the downstream half. With both generators in operation, the tempera-
ture of the hydrogen could be raised 500°F in less than one minute. Once the elevated
hydrogen gas temperature is reached, it is maintained by reducing the output of the
welding machines. A thermocouple strapped to the hot end of the heater tube monitored
the metal temperature. A second thermocouple, mounted in the hot hydrogen stream,

indicates the temperature of the hydrogen entering the fuel plenum.

In the interest of safety, several procedures were followed to minimize the risks
involved in utilizing hydrogen as a combustion fuel. The test chamber was evacuated to
as low a level as possible before starting the arc head. The test chamber static pressure
level required for testing was obtained and maintained by bleeding in purging nitrogen.
Following a test, the hydrogen system was purged with nitrogen and the test chamber
again evacuated to a low level before admitting air at atmospheric pressures. A MSA
combustible gas detector was kept in operation at all times. The interior of the test
chamber was sampled before and after each evacuation while the area over the test cham-
ber was sampled during all testing. All test personnel were kept clear of the test




chamber during the light-off phase of the operation. If ignition of the hydrogen fuel was

not achieved within thirty seconds after start of flow, the hydrogen flow was immediately

shut down.

INSTRUMENTATION

The instrumentation facilities that were used in the course of the experimental

studies were comprised of:-

a.

Arc jet instrumentation for the determination of (1) electrical power
input, (2) gas pressures and flowrates and (3) coolant water flowrates

and temperatures.

Photographic equipment for the recording of the combustion process

using the radiations emitted during combustion.

A high speed spectrometric system with associated optical train for
temperature determinations of the combustion stream using the sodium
line reversal technique and by use of the vibratiohal-rotational spectra of

the OH radical in emission or absorption.

Gas sampling and analyses equipment for the determination of hydrogen,

oxygen, nitrogen, water and nitrogen dioxide in the gas stream,



EXPERIMENTAL PROCEDURES

Arc Jet Instrumentation

The arc jet was instrumented for the determination of electrical power input, gas
pressures and flowrates and coolant water flowrates and temperature rise. These

measurements were used for the calculation of enthalpies and gas temperatures.

The electrical power input was measured by a D.C. ammeter and voltmeter on
the power supply. These meters are accurate to +2%.

The nitrogen flowrate was determined using standard A.S.M. E., technique.
This technique employs a Bourdon pressure guage on the inlet side of a tube section
with a sharp edge orifice. A Bailey differential pressure gauge spans the orifice.
The maximum nitrogen flowrate was (.260 lbs. /sec. measured with an accuracy of
+ 2% or + 0,0052 lbs. /sec.

The oxygen flowrate was measured in a similar manner. The maximum
oxygen flowrate was 0.07 lbs/sec. measured with an accuracy of + 3% or + 0.002 lbs. /
sec,

The technique for the hydrogen flowrate measurement was similar to the nitrogen
and oxygen measurements but it differed in that the pressures were measured by calibrated
pressure tranducer systems. The maximum hydrogen flowrate was 0. 006 lbs/sec.
measured with an accuracy of + 3% or + 0. 0002 lbs/sec.

The stagnation enthalpy (H) was determined by the use of two standard methods:

1. Heat Balance Method
At the exit of the arc-jet nozzle

Volts x Amperes x 0. 05689 <B;I“/;J rm__g_) - ngo (Ibs/min) x (AT.y)
H = 4

\'Nair (lbs/ min)

For this method the error is estimated to be + 5%.
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2. Choked Nozzle Method
At the nozzle throat

W ir 1bs/min.

A ];u I where P, = plenum pressure

T
A* = throat area

T

The error incurred for this method is also + 5%.

The losses in the nozzle from the throat to the exit are subtracted from the
choked nozzle value. The enthalpies obtained by both methods were then averaged.

The uncertainty of this average enthalpy was estimated to be = 5% of the test value.

Photography

The camera system for the recording of combustion streams using the ultraviolet
radiation of the OH radical at 3064 angstroms wavelength was comprised of a 4" x 5"
Speed Graphic Acamera body fitted with special accessories. These accessories included
a Graflex 120 Roll Holder back and a lens board fitted with an Ilex No. 2 Acme Synchro
shutter and a Carl Zeiss Jena UV achromatic lens 4.5/120 6616896. The filters used
with the lens were Zeiss 42 UV' mit 42 UV' 313 nm. and a 42 UV' 280-380nm. The
lens and filters were purchased from the Ercona Corporation., N.Y.C., N.Y. Since
the lens is a quartz-rock salt achromat, it was stored in a dessicator over anhydrous

silica gel when not in use.

The film used in most of the ultraviolet photography was Kodak Tri-X. Exposures

ranged from 5 second at £/4.5 for 2100°R air temperature combustion runs to 0.1 second

for 3100°R air temperature combustion runs. Probe exposures were 1/25 second at £/4.5.

The Tri-X film was developed using Acufine Industrial Film Developer manufactured by

the Baumann Photo. Chemical Corporation 125 West Hubbard Street, Chicago 10, Illinois.
The development procedure, 6 1/2 minutes at 68°F, increases the film speed to ASA 1200.

Film fix and rinsing were done conventionally.

Color photographs were taken of each run with a Honeywell Pentax 35 mm. single
lens reflex camera fitted with an Auto-Takumar lens 1:3.5/35 57262 made by the Asahi

Optical Company Japan.
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Kodak Ektachrome-X film was used with exposures of 1/8, 1/15, 1/30, 1/60
second for the combustion runs and 1/60 second for the probe runs. The lens was

not stopped down. Film development was carried out in accordance with Kodak
procedures. '

Various changes in the photographic system were attempted in order (1) to improve
the signal-to-noise ratio in the ultraviolet photography of the OH radical at 3064 angstroms
wavelength, and (2) increase the speed of recording and processing the films (an attempt
at "on spot" picture retrieval). A spike filter was purchased from the Perkin-Elmer
Corporation, Norwalk, Conn. This filter had a narrow band-pass at 3064 A° and had

good sideband rejection down to 2000 angstroms and up to 7000 angstroms. Since the
arc jet combustion flame produces radiation from other species i.e., nitrogen oxide

and atomic oxygen, the recording of the combustion stream using the radiation from

the OH band at 3064 angstroms requires the severe filtering out of spurious radiation.
This problem is magnified tremendously when one considers that photographic record-
ing is an integrating device and background integration over a wavelength range of 5000
angstroms can easily nullify the effect of signal integration over a wavelength range of
100 angstroms. A curve showing the efficacy of the Perkin-Elmer spike filter is shown
in Figure 8. This should be compared with the curve of the Zeiss ultraviolet filter
shown in Figure 9, We were unable to get focused pictures when using the spike filter.
Discussions were conducted with the Perkin-Elmer Corporation, fabricators of the
spike filter and the Fish-Schurman Corporation, distributors of Schott glass filters, in
order to resolve the poor image definition. The spike filter consists of two 3 mm. thick
pieces of Schott UG-11 glass filters which sandwich a thin film layer. While conceding
that a problem area exists, they would do nothing more than offer suggestions as to the

possible cause. These possible cause(s) are:

1. the parallelity of the glass substrate may not be fine enough and the glass
substrates may have some optical power.

2. the filter is translucent instead of transparent
3. the glass substrate (Schott UG -11) contains ultraviolet scattering centers.
4. the glue that binds the two glasses may be fluorescent in ultraviolet light.

5. the Schott UG-11 is susceptible to radiation damage by ultraviolet light
forming a coating on the glass. This coating, either on the outside of the filter or in

contact with the thin film may fluoresce or scatter the ultraviolet light.




The narrow band pass and the sideband rejection of this filter are such worth-
while characteristics for use in combustion studies that we feel it is worthwhile to

isolate the cause of the poor image definition of the spike filter.

Early photographic work using the beam-splitting attachment for recording the
combustion stream images in the ultraviolet and the infra-red using Polaroid film
showed that details like weak shock wave structure was lost on this film. One needs
to look at a negative in transmitted and reflected light in order to obtain the most
information about the combustion stream. The Polaroid film, while photographically
fast, did not satisfy this requirement and was therefore replaced with Kodak Tri-X,
Ideally, combustion streams should be examined by multicolor laser holography. This
new technique would provide three dimensional analyses of color (chemical species) in

the combustion stream.

Spectrometry
Combustion temperatures are obtained by spectral measurements of various
optically active species in fhe combustion stream. These measurements were acccom-
plished by use of a spectrometer system and an optical train containing assorted optics.
This system was designed for use with any one or combination of standard techniques of
temperature measurement i.e.,sodium line reversal, OH radical in emission or absorp-

tion.

The spectrometer system is comprised of a Jarrell-Ash 0.5 Meter Ebert Scan-
ning Spectrometer model 82-000, an EMI 9526S photomultiplier detector and a Jarrel-
Ash Model 82-110 Recording Electronic System.

The scanning spectrometer was fitted with an 30, 000 line per inch diffraction
grating blazed for a wavelength of 7500 angstroms in 1st order. The spectrometer

specifications with this grating are as follows:

spectral range 2000-8000A° (1st order)
effective aperture ratio ~ {/8.6
reciprocal linear dispersion 16A°/min.
resolution 0.2A°

scan speed 2-500A°/min.

13



14

The detector used in this spectrometer is an EMI 9526 S photomultiplier whose

specifications are:

spectral response "S" (Q)

average sensitivity 50 Microamperes/Lumen
cathode-D1 volts 100

anode sensitivity 2000 Amperes/Lumen
gain 40 x 106

dark current 5% 1072 Amperes
overall volts 1700

The voltage divider for the tube was constructed as follows:

13 TN TR NN

cathode - D1 resistance 680 K ohms

D1 - D11 - ground 1 megohm

cathode negative high voltage

dynode D-11 through 1 megohm to ground positive high voltage
all resistors 1/4 watt

The recording system used with the spectrometer was a Jarrell-Ash Model

82-110 Recording Electronic System. This system consists of a stabilized high

voltage, 400-2000 volt, d-c power supply for 9 and 13 stage photomultiplier tubes, a

high gain stable electrometer amplifier and a Bristol Dynamaster Recorder for read-

out.

Spectrometer Alignment and Wavelength Calibration Procedure

The maximum utilization of a spectrometer system for sensitvity and resolution

is attained when the following conditions are satisfied:

1.

the collimating mirror solid angle with the slit is filled with the light
incident on the entrance slit.

the first diffraction pattern of this light is made to just fill the collimating
mirror by closing the entrance slit.

the wavelength scan rate and the time constants of the detector circuit,
amplifier and recorder are matched.

impedances of the amplifier output and recorder input are matched so that
the signal is not attenuated by loading the amplifier.




5. the internal optics of the spectrometer are aligned so that the image of a
point on the entrance slit is in the identical position on the exit slit and

6. the entrance slit, exit slit and diffraction grating lines are closely parallel
with each other. In this spectrometer system, the slits are curved while

the diffraction grating lines are straight, thereby making alignment more
difficult.

Great care was placed on spectrometer internal alignment because of the resolu-
tion need in the recording of OH radical band spectra at 3064 angstroms wavelength.

Thin wires (0.005" diam.) were placed across the horizontal centers of the
entrance and exit slits and the collimating mirror. The instrument was leveled and
the instrument checked with a Pye cathetometer to see if all wires were in the same
horizontal reference plane. With this accomplished, the room was darkened and the
wire on the entrance slit illuminated, the position of the image of the wire on the exit
slit was noted using the grating in zero order. The image traverse of the exit slit was
also made. Grating tilt in fhe forward and backward positions was adjusted to bring the
wire on the exit slit and the image of the wire from the entrance slit into correct jux-
taposition. The wires were then removed and the entrance slit set at 50 microns and
illuminated using a Gates Pen Ray Mercury Lamp. The traverse of the visible images
of the mercury spectral lines across the exit slit was studied using the first and ‘second
order spectra on both sides of zero order. Grating tilt in the forward and backward
direction was more finely adjusted while the coarse adjustment of sideways grating tilt
was adjusted to bring the traverse loci on the horizontal plane. The fine sideways grat-
ing tilt was adjusted using the spectrometer scan and readout of the mercury doublet
spectral lines at 3131.55 and 3131.83 angstroms wavelength in second order as shown
in Figure 10. This latter adjustment is time consuming and has to be done with great

care in order to bring about the best resolution of this doublet.

After alignment was completed, the grating was indexed and locked for zero wave-
length with zero order filling the exit slit. A scan of the wavelengths of spectral lines
from the mercury lamp was made as a function of wavelength readout on the grating

drive counter. The readout was within 2 angstroms of the true wavelength.
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Optical System
The purpose of the optical train was to efficiently relay the radiations used for
the determination of combustion stream temperature by sodium line reversal and OH

radical spectra to the spectrometer system for analytical scan and readout.

The optical system (20 ft. long) consists of a standard light source, a relay imag-
ing system for the stepwise attenuation of the standard light source by the use of a neu-
tral density stepped filter, a second relay imaging system to pass the beam through the
center of the arc stream followed by a quartz lens collection and imaging relay system
to pass the attenuated beam to the readout spectrometer. This last collection and relay
system is also used to pass the OH radical emission at 3100 angstroms waveleneth to

the spectrometer and therefore must be made of quartz lenses and front surface alumi-
num mirrors with high light collection efficiency. A detailed diagram of the system is

shown in Figure 11.

The focal length of the lenses and the distances between optical elements are as

follows:
Lens Focal Length Effective Diameter Remarks
A 1 1 Glass
B VA 2" Quartz
C 1 2" Quartz
D 19" 2" Quartz with
variable stop
at 1 1/8 diam.
Optical Elements Distance (Inches)
lamp filament to lens A 3 1/2
lens A to stop (slit 1/2" x 1/8") 11/2
stop to lens B 19
lens B to relay mirror 29 1./2
relay mirror to stream center 58 1/2
stream center to lens C 17
lens C to relay mirror 41 1/2
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relay mirror to lens D (stop 1-1/8'd) 34

lens D to spectrometer slit 19

Optical Alignment Procedure

The arc jet chamber has two ten foot optical benches, one at each side of the
chamber. The tank had two five foot Rohm & Haas UVT Plexiglas windows (1/4" thick).
The windows and benches were situated at the nozzle end of the chamber. The benches
were leveled to within 0. 01 centimeters using a Pye cathetometer. The Plexiglas
windows transmit the ultraviolet radiation; the transmission curve is shown in Figure
12. Lens and mirror positioning was accomplished by relaying a leveled collimated
light beam through the center of the arc stream to the quartz collecting and relay
system. The system was adjusted so that the focussed image of the standard lamp on
the spectrometer slit did not move when the relay mirrors changed the light beam to
all positions corresponding to the plane of the combustor tube ends. A small optical
bench was mounted within the chamber and ruggedized. Quartz collection lenses were
set on this bench on the optical axes corresponding to the plane of the combustor tube
ends and set at their focal léngth (~ 17 inches) from the center of the arc stream. The
focal length of the lenses was the minimum allowable because of the arc swing of the gas
sampling probe. The optical image of the standard lamp did not move when the beam
was moved through the various positions. An alternate alignment method made use of
the Pye cathetometer and showed no discrepancy with the optical beam alignment.
Essentially, alignment with the Pye cathetometer consists of leveling the telescope,
determining the setting for the center of the nozzle, indexing both sides of the chamber
for nozzle center, and finally the centering of all lenses, spectrometer slit, spectro-

meter collimating mirror and standard source filament.

Care was taken to assure that the positioris for lens D was such that the ultra-
violet image of the arc stream was focused on the spectrometer slit. This was done by
maximizing spectrometer readout for the Hg. 3131.83 angstroms spectral line from the

mercury lamp situated in the arc stream.

Light Source Calibration Procedure
The light source used to supply a continuum of known brightness temperature
for the sodium line reversal experiments consisted of a G.E. tungsten ribbon pyro-
meter lamp, serial no. 431-P-408, rated as 20 amperes, 6 volts. This lamp was
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connected to the secondary of a 20 ampere Variac A.C. source which was monitored

by a Weston Model 904 No. 5478 A.C. Ammeter U.S.A.F, No. 17111. The Plexiglas
window on the spectrometer side of the arc jet chamber was removed so that a cali-
brated optical pyrometer would focus on the relayed image of the lamp filament focused
at the center of the arc stream, The brightness of this image is calibrated at the exact
position where the sodium line reversal measurements take place so that corrections
for window and lens transmission and mirror reflection losses are not needed. The
micro optical pyrometer model No. 95 serial No. M4461, manufactured by the Pyro-
meter Instrument Co., Inc. Bergenfield, N.J. was standardized against a certified
National Bureau of Standards standard lamp. The pyrometer calibration curve is shown
in Figure 13. The calibration curve of the lamp for the light source is shown in Figure
14. This curve was used to arrive at a constant current setting (17. 9 amperes) for the
lamp which would provide a brightness temperature of 4200°R at the arc stream without
an attenuation filter in the optical path. The brightness temperature of the filament im-
age is then successively decreased by the use of Kodak Wratten neutral density filters.
This arrangement serves to expedite the temperature determination during the run by
the judicious choice of filters for the temperature encountered. Table I shows bright-
ness temperature at the arc stream as a function of filter density. The arc jet cham-
ber window was replaced when calibration was completed. A second calibration of the
standard lamp was done using a pyrometer calibrated at the National Bureau of Standards.
Both calibrations were within 10°C of each other at 1800°C.

Temperature Measurement by Sodium Line Reversal Technique

The technique of sodium line reversal for temperature measurement is accom-
plished as follows: A sodium salt is continuously injected into a flame at a rate that
(1) provides medium intensity sodium resonance lines at 5889.95 and 5895. 92A° and
(2) does not influence the flame temperature. Light from a continuum source, (a stan-
dard lamp) is then brought to a focus on the center of the flame. When the temperature
of the continuum source is less than that of the flame, the sodium lines are read out in
emission. When the temperature of the continuum source is greater than that of the
flame, the sodium lines are read out in absorption. The temperature of the flame is
equal to that of the source when the sodium lines match or are indistinguishable from

the continuum or background.
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TABLE I
BRIGHTNESS TEMPERATURE AT THE ARC STREAM AS A FUNCTION OF
NEUTRAL FILTER DENSITY

Neutral Filter Density Brightness Temperature (°R)

4334
0.1 4150
0.2 4064
0.4 3795
0.7 3580
1.0 3290
2.0 2642
3.0 2291

The sodium salt injection system uses a Metco Type MP Powder Feed Unit man-
ufactured by the Metallizing Engineering Co., Inc. Westbury, N. Y. and is shown in
Figure 15. The unit consists of a pressurized hopper, a vortexing mixer and a vibra-
tor and was previously used for plasma flame spray powder work. A schematic of the
system is shown in Figure 16. This system was pressure tested to 160 psig. The
sodium salt was finely powdered dry sodium bicarbonate. Injection into the plenum
chamber was accomplished using dry nitrogen at a pressure of 10 psig above the
plenum pressure (~ 90 psig).

The instrument settings for spectrometer readout were as follows:

photomultiplier voltage 1100 volts
electrometer amplifier range : 10—7 amperes
scale factor x 10

time constant 1

recorder chart speed 4 1/2 inches/min.
spectrometer slit width , 20 microns

scan rate 20A° /min.

Typical readout for sodium line reversal measurement is shown in Figure 17.
The temperature was determined to be 3520 °R. The calculations are shown in Appen-

dix C. The brightness temperatures were varied during the run by the judicious selec-
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tion of attenuation filters for the combustion stream temperatures encountered. It
should be noted that this technique was the only one that could be used for the temper-
atures encountered in these experiments (3400 - 4200°R). In some instances, the
spectral readout was winged showing various peaks and dips either side of where the
spectral line position should have been. This indicates a multi-zone region where the
temperatures in the inner and outer cones was markedly different. It was not possible

to determine a temperature for this region.

Temperature Measurement by OH Radical Emission and Absorption Technique
Great care was taken with the spectrometer and optical systems to provide high

sensitivity, good resolution and rapid scan rate for temperature determinations by OH
radical emission in the R2 (0,0) band at 3064 A° wavelength. The spectrometer system
had a sensitivity 50 times greater than previously used systems and a complete scan of
the OH R2 (0, 0) band could be done in fifteen seconds. We were unable to record OH
spectra, using either emission or absorption techniques, in the combustion runs done
in this study. To rule out equipment problems, a Bethlehem burner was set up at the
point where the arc stream and optical train intersect. The OH radical R2 (0, 0) band
was read out from stoichiometric air-hydrogen and oxy-hydrogen flames. Tempera-
tures for the air-hydrogen flame approximate 4300°R and for the oxy-hydrogen flame
5500°R. We have not been able to measure temperatures lower than 4200°R by OH

radical emission or absorption.

It is apparent from the sodium line reversal temperatures determined in this
study (range from 3400-4200°R) that combustion temperatures were too low to be mea-
sured by OH radical spectra. It should be remembered that an optical problem with
the instrumentation did exist. During combustion runs, the heating of the arc cham-
ber caused the focused image to move off the spectrometer entrance slit. Since the
radiation from the combustion stream is very weak, this movement cannot be visually
discerned and corrected unless the image of the standard lamp in the arc stream is re-
layed to the spectrometer. Correction of the image at the spectrometer was done by
adjusting the relay mirror. The image moves in the opposite direction when the arc
chamber is cooling. Apparently, the image shift is due to arc chamber expansion.

We were unable to record OH spectra even with corrections for image shift.




Gas Analysis

The gas sampling equipment consists of a gas sampling probe and gas collection
and storage equipment. The gas sampling probe was fabricated according to the design
of the Applied Physics Laboratory of Johns Hopkins University. The probe was scaled
up a factor of two; detailed drawings are shown in Figures 18, 19, and 20. A photograph
of the gas sampling probe is also shown in Figure 15, The probe was mounted on a
pneumatically driven arm as shown in Figure 21. Probe position longitudinally and
vertically in relation to the arc stream had to be pre-set prior to the run and could not
be moved during the run. The probe arm swings into the stream at a shallow angle re-
quiring the placement of spectrometer collector optics (3" diam. lens) at no less than
17 inches from the arc stream. The water coolant for the probe was vented into the
tank atmosphere during the run. Ideally, the probe should be designed so that the water
does not vent into the atmosphere and probe location can be changed from outside the

chamber during a run.

Two gas éollection and storage systems were fabricated. The first system
consists of three 450 ml. gas bottles, each with its own electrical solenoid valve,
shut-off valves, pressure gauge, capillary delivery tube and demountable stainless
steel cold trap and is shown in Figure 22. A schematic of the system is shown in
Figure 23. The second system is a single bottle system similar in construction to the
first. The systems were checked for leaks by evacuating to 30 inches Hg. vacuum and
closing the valve leading to the pump. The system was opened from the solenoid valve,
through the cold trap, through the gauge and storage bottle to the pump valve. Each
system held the vacuum for three days. The probe line from the probe tip to the

collection and storage system was checked for leaks in a similar fashion.

The gas sampling was accomplished as follows: The gas collection and storage
system was evacuated to 30 inches Hg. vacuum with valves in the following position:

solenoid valve closed

capillary delivery tube valve closed

valve between trap and ho ttle opened

valve between trap and solenoid valve opened
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When the vacuum inside the system was 30 inches Hg, the valve to the vacuum
pump was closed. Crushed dry ice was placed in a Dewar flask around the dry tared
cold trap immediately prior to sampling. The probe with coolant water flowing was
driven into the stream. The line from the probe to the gas sampling system was
pumped with the vacuum pump for at least 20 seconds before the solenoid valve was
tripped and a sample collected. Two methods were used in collecting samples, (1) the
gas stream entering the probe was subjected to a vacuum in order to swallow the bow
shock wave and to provide the pressure differential needed to fill the gas bottle, and
(2) the gas stream was closed to vacuum through a valve after the sample header was
purged. Under the first condition, the bottle pressure approaches the tank pressure
which is approximately 0.5 atmospheres while for the second approach the bottle
pressure registered 2 atmospheres, which is approximately the pitot pressure behind
the detached bow shock wave. Since the chemical composition of the gas stream changes
when passing through the bow shock wave, it was decided to use the first approach for
gas sampling and to adapt the gas chromatograph analyses procedure for sample in-
jection at reduced pressure. When sampling was completed, all valves were closed,
the dry ice removed and the traps demounted and capped with numbered tared rubber

stoppers. Each trap was numbered and had its own stoppers with which it was already
tared.

Analytical Technique
The analysis of the gases from the combustion stream consists of three separate
procedures, (1) the analyses for water by weight differences in the tared cold trap,
(2) the analyses of NO2 by titration of the contents of the cold trap with standardized
dilute sodium hydroxide solution using phenolphthalein solution as the indicator and

(3) the analyses of hydrogen, oxygen and nitrogen in the cylinder by gas chromatography.

The stoppered cold trap was warmed to room temperature and the outside of the
trap dried. It was then weighed on a Christian Becker Analytical Balance Model AB-B
Serial No. A-18441. Each cold trap was weighed to the nearest milligram. Balance
capacity was two kilograms; the cold traps weighed in the vicinity of 200 grams and
each trap was weighed to the nearest milligram. Each trap was emptied into a clean
25 ml. beaker and washed with 4 x 4 ml. distilled water. Three drops of phenolphthalein
solution was added and the sample titrated with 0. 0102 N. sodium hydroxide solution
for the analysis of N02. The trap was rinsed with acetone, dried in an oven for 1/2
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hour, reweighed with its own stopper. The differences in weight in the two readings
was the water content in the sampled volume (470 ml.).

The procedure used to convert titration results into NO2 concentrations was as
follows:-

The chemical equation for the reaction of NO2 with sodium hydroxide is

2N02 + 2NaOH -~ NaNO2 + NaNO3 + HZO

according to Prescott and Johnson's "Qualitative Chemical Analysis'" p. 470, 1933.
Since the number of milliequivalents of NaOH (milliequivalents = normality of base X
the volume (ml.) required for neutralization) equals the number of milliequivalents of
NOZ’ this product (normality X volume (ml.)) is then multiplied by the milliequivalent
weight of NO2 (0.046g) to give the weight of NO2 in the 470 ml. sample of gas.

The gas analysis was done by using a Burrell Kromo-tog gas chromatograph. The
chromatograph is shown in Figure 24. The instrumental settings for the analysis of hy-

drogen, oxygen and nitrogen are as follows:

Column - 8 ft. long glass U tube

Absorbent - Molecular Sieve 5A° conditioned for 5 hrs. at 200°C in Argon -
Carrier Gas - Argon 75 ml./min.

Thermal Conductivity Detector - 160 ma.

Preheater Temperature - 20°C

Column Temperature - 20°C

Fractionator Temperature - 20°C

Detector Temperature - 20°C

Recorder Chart Speed - 1" /min.

Gas Injector Volume - 1 ml.

The gas injector has a loop which contains a standard volume (1 ml.). The in-
jector was reworked so that it would not leak at reduced pressures. The injection pro-
cedure consisted of pulling 760 mm. Hg vacuum on the injector which had a mercury
manometer and the sample bottle delivery tube attached to it. All tubing was 3/32"
capillary to minimize dead volume and preserve sample gas. The gas from the sample
bottle was used to backfill the injector system to a 500 mm. Hg vacuum. In some cases,

backfill was done to 680 mm. Hg vacuum, depending upon the bottle pressure.
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A series of primary gas standards was purchased from the Matheson Company,
East Rutherford, New Jersey. Chromatograms were recorded and peak heights were
plotted against the mole fraction of gas in the mixture. These working curves are shown
in Figures 25, 26 and 27. The standards were run with each set of analyses to serve as

indexing points for possible curve shifts. Typical chromatograms are shown in Figure 28.

The precision of the gas analyses for the determination of hydrogen, oxygen and
nitrogenwas +1%, +1. 7% and +3.7%, respectively. The nitrogen determinations were very
much dependent upon the precise control of carrier gas flowrate. The precision of the
analyses of NO,, and H O was estimated to be 2% and +1.5% respectively. It should be
emphasized that gas standards were run prior to each set of analyses in order to compen-
sate for working curve shifts and that a curve shift for one gas did not necessarily mean
the curves shifted for the other gases. These day-to-day curve shifts are the reasons
why the analytical values taken from the typical gas chromatograms do not check exactly

with the values taken from the typical working curves.

The method used in the determination of the local equivalence ratio, based on the
results of the gas analysis, is presented in Appendix E. The water collected in the cold
trap did not match the water that should have been formed there due to oxygen and nitro-
gen mole fraction changes. This anomaly could be the results of a) water by-passing the
probe due to local mass diffusion caused by concentration gradients, b) condens-ation in
the cold trap is incomplete and c) the possibility of some nitrogen entrainment or oxygen
depletion, in the free-jet cases, due to the mixing which occurs at the outer regions of

the arc-jet stream.

During some of the earlier tests of the experimental program, a few gas samples
of the arc-jet air stream were taken in checking out the operation of the gas sampling
probe. The limited number of air samples collected were at sufficiently different down-
stream locations to adequately cover the range of interest. The pertinent data for these

test runs are as follows:

Run No. " 0, (L2- ) e N, I%’Ti) T,CR) Yo, N, Loontior
26 3.51 10.9 2610 0.20(0.19) 0.80(0.79) 2" (on center)
31 3.00 10.85 2349 0.175(0.18) 0.825(0.83) 12" (on center)
43A 3.282 11.0 2727 0.20(0.10) 0.81(0.89) 17 5/8' (1/8"1ow)




The mole fractions in parentheses indicate the composition obtained from samples
collected without the vacuum system operating. For some unexplainable reason it ap-
pears from the data that the probe bow shock was not swallowed in Runs 26 and 31 even
where the vacuum was applied. As a consequence, the input ratio of nitrogen to oxygen
could not be checked with the ratio obtained from the sample. The ratio of nitrogen mole
fraction to oxygen mole fraction based on mass flows input to the arc-jet was 3.547 for
Run 26 and 4.131 for Run 31 while the gas analyses yielded 4.0 and 4.71 respectively.
This constitutes an 11.3% deviation due to the unstart condition of the gas sampling probe
for Run 26 and 12.3% for Run 31. Accordingly, it can be argued from the data that the
contribution of arc-jet air mixing with the ambient nitrogen can not be more than a few
percent at the 12' position. The initial conditions for these two tests were sufficiently
similar (261°R variation in air temp) to justify the comparison. In Run 43A, as in the
remainder of the test runs, the data indicated the proper operation of the gas sampling
probe under vacuum conditions. For this case the ratio of nitrogen to oxygen introduced
into the system was 3.828 by mole while that obtained from the gas analysis was 4.05.
The 5.48% deviation between these two values at the 17 5/8' location is most likely due
to an combination of nitrogen entrainment and oxygen depletion as caused by thé inter-
change which occurs at the interface between the arc-jet air stream and the ambient

nitrogen.

Based on this somewhat limited test data it would appear that the effect of the
mixing of the air stream with the surrounding nitrogen in the arc-jet test chamber is
relatively small (at most 5 to 6%). The percent error incurred by neglecting its effect
on the results of the gas analyses is within the experimental accuracy of the measure-
ments recorded. It is felt that a larger error would be introduced into the gas analysis
calculation if some theoretical correction were attempted since no solution exists for the
turbulent mixing of two gas streams separated by a combustion zone (as in the case at
hand). Consequently, it was considered justifiable to neglect possible outside effects in

determining the stream concentrations from the gas sampling data.

EXPERIMENTAL RESULTS AND DISCUSSION
Experimental Program

The experimental program, designed to investigate the various aspects of super-

sonic combustion of hydrogen in air, was divided into two phases. The first phase
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(Phase Dof the testing was devoted to the free-jet testing of the single and three-point -
injection configurations under controlled parametric variations for an air static pres-
sure of 0.5 atms. For the single-point injection tests, the effects of varying air static
temperature, fuel total temperature, fuel-to-air velocity ratio and the spacing between
the fuel and air streams were investigated. Only variation in air static temperature,
however, was considered for the three-point injection tests conducted in Phase I of the
study .

The second phase (Phase II) of the testing investigated, 1) the free-jet character-
istics of the 24 hole ring injection configuration for controlled variations in air static
temperature, fuel total temperature and fuel-air equivalence ratio; and 2) the combustion
characteristics of a three-segment combustor configuration for the same parametric
variations. For the confined flow portion of the testing, a one, two and three segment

combustor configuration was tested.

Data recording during each of the test runs included an optical measurement of the
combustion stream temperature, gas sampling atthe same location, and UV and color photo-
graphs of the entire reactionzone, For the combustor runs, additional datawere recordedinthe
form of surface pressure distribution, surface temperature distribution, and combustor '

coolant inlet and outlet temperature and flow rate.

Prior to the start of the combustion program, several arc-jet nozzle shake down
runs were made to determine the air flow characteristics. The indicated Mach number
from these tests and from subsequent tests during the program was 2.35. The air flow
exiting the contoured nozzle appeared to be uniform and free of Mach waves and shock

diamonds when operating at the design pressure level of 0.5 atmospheres.
Point Injection Tests

The main purpose of the point-injection combustion tests was to study the effects
of varying certain pertinent parameters on the ignition delay and reaction lengths. Orig-
inally, it was proposed to run this series of tests at air static temperatures of 1900°R,
2300°R and 2700°R. The 1900°R case, however, was observed to yield irregular and
highly unstable ignition. The flame repeatedly formed and then broke away downstream.
It appeared that the mixture temperature for this case was too low to sustain a stable
combustion zone. This test was repeated several times with the same result. Higher




settings were then tried until a stable combustion zone was observed. This occurred
at around the 2000°R to 2100°R level.

Total fuel temperatures of 600°R and 1000°R as well as fuelto-air velocity
ratios of 0.4 and0, 65 and fuel-air spacings of 0.108" and 0. 216" were also con-
sidered during this portion of the test program. The range of fuel-air velocity ratios

considered correspond to equivalence ratios in the range of 0.4 to 0.97.

UV and color photographs were taken of the combustion zone at various film
exposures. The main purpose of the different exposures was to determine the proper
UV exposure for each of the air static temperatures considered for the free-jet portion
of the experimental test program. The ultraviolet exposures using Tri-X film at a
stop number of f/4.5 were (1) 5 seconds for an air static temperature of 2100°R,

(2) 1 second for an air static temperature of 2700°R and (3) 0.1 seconds for an air
static temperature of 3100°R. During combustion, and at various fuel-to-air ratios,
two or more exposures were made spanning each nominal exposure. Generally, an
increase in exposure decreases delay length but does not increase reaction length.
Delay lengths were taken from exposures when the background from the arc was not
visible. The integration of arc background by the emulsion can lead to erroneous
delay lengths due to the fogging off of the toe of the H&D emulsion sensitivity curve
and sensitization of the emulsion to lower light levels.

Gas samples were extracted from the combustion stream at various locations in
an attempt to locate the main reaction zone. Optical combustion temperature measure-
ments were also attempted at the same stream location, using the OH emission technique
discussed in this report. These attempts at temperature measurements from OH
emission spectra proved unsuccessful for all 6f the 0.108" fuel-air spacing tests. A
densitometer study was made of several of the UV negatives of the series in order
to locate the main zone of OH radiation. Use of this information in positioning the
optics also proved unsuccessful in realizing a useful OH spectra. All the information
gathered seemed to indicate that the combustion temperature was too low to yield a
distinctive OH spectra for the range of parameters considered. Temperature data
was recorded for the 0.216" fuel-air spacing single-point injection tests by the

sodium-line reversal technique.
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Previous work done on supersonic combustion at Republic Aviation
Corporation showed that the combustion temperatures were in the range of 4600 -
4800°R, as determined by OH spectra. The lowest temperature at which OH spectra
can be recorded in the laboratory is 4200°R and this is from a stoichiometric air-
hydrogen mixture burned in a Bethlehem burner. All attempts to record OH spectra
in this study were unsuccessful, therefore, the combustion temperatures must be less
than 4200°R. The difficulties encountered in these temperature measurements were
detailed in progress reports of the present study, i.e., References 23 and 24.

Ignition delay and reaction lengths were measured directly from the UV
negatives. Figure 29 shows a sketch of the lengths as read from the negatives. Both
the arc-jet nozzle exit diameter and the gas sampling probe position were used to
determine the scale factor required to measure the pertinent combustion zone lengths.
Typical UV photographs are shown in Figures 30 and 31 for the 0.108" fuel-air spacing
with cold hydrogen, Vf/va = 0. 4 and both 2394°R and 2772°R air static temperatures,
respectively. The exposure time for these photographs, as determined from the
aforementioned UV film exposure study, were 5 sec. for the 2394°R test run and 1 sec.
for the 2772°R case. Clearly visible in these UV photographs is the OH radiation zone,
characteristic of the Hz-air reaction. The supersonic nature of the flow in the com-
bustion region is clearly established in Figure 32 which is a UV photograph of a probe
during a 2646 °R - three-point injection test showing the combustion zone and the de-
tached shock wave in front of the probe. The pitot probe for this test run was located

9 inches downstream, in line with the arc-jet nozzle center line.

The increase in fuel total temperature from 600°R to 1000°R did not show any
appreciable difference in the overall characteristics of the combustion zone in the UV
photographs. Only slight changes in measured ignition delay and reaction lengths were

noted for this variation in fuel total temperature.

Ignition delay and reactionlengths, as measured from the UV negatives, are
plotted versus air static temperature in Figures 33 and 34 for the cold hydrogen tests
and in Figures 35 and 36 for the heated hydrogen test runs in this series. In general,
the ignition delay and reaction lengths read from the UV negative exhibited the proper
trend as to variations in static air temperature and fuel-air velocity ratio. An in-
crease of Vf/Va1 from 0. 4 to 0.65 shows an increase in ignition delay and reaction
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length. Conversely, an increase in air static temperature resulted in lower ignition delay
lengths and almost constant reaction lengths (a slight decrease, if anything). These effects

appear to be less pronounced for the 0.216 spacing.

The absence of an expected slight increase in 4 d for the 0.216" spacing
tests must be attributed to difficulties connected with reading the UV negatives.
For some unexplainable reason the resolution of the negatives was not as good as those
previously obtained in the 0. 108 point injection tests.

Theoretical curves for both the ignition delay and reaction length are also pre-
sented in Figures 33 through 36. The method of Schott and Kinsey presented in
Reference 11 was used to determine the theoretical behavior of the ignition delay
times while the method of Reference 25 was utilized for the theoretical reaction
lengths. In applying the method of Reference 11 to the test cases at hand it was
assumed that an initial gas mixture of 02, N2 and H2 (based on input values) existed
at condition of temperature and pressure equal to the arc-jet air values. The ignition
delay length is taken as the product of the delay time computed for these conditions and
the calculated arc-jet exit velocity. These assumption are felt to be justified since the
theoretical ignition delay curves presented here are to indicate the general trend of the
data. A direct comparison is not truly justified since the definition of ignition fielay
time as presented in Reference 11 differs from the experimental definition of the present
study. Schott and Kinsey in Reference 11 define their ignition delay time as the time re-
quired for the OH concentration to reach 1x 10-6 moles per liter. On the other hand,
the delay times for the experiments depend on ignition delay lengths read directly from
the UV negatives. Accordingly, it is difficult to truly assess theory versus experiment
for this case since the concentration of OH corresponding to the amount of OH radiation

emitted and recorded on the UV negatives is not‘easily determined.

The theoretical approach developed in Reference 25 is applicable to two-
dimensional turbulent mixing and burning zones for either frozen or equilibrium
chemistry. The analysis utilizes a flame sheet approximation to the equilibrium flow
case which yields the slope of the combustion zone under stoichiometric conditions.
Application of this method to the experimental situation at hand is felt justified to ob-
tain an engineering approximation to the actual behavior. Owing to the relative sizes
of the fuel and air streams considered,the flow locally behaves quasi-two~dimensionally

for some ten to twenty air-jet diameters downstream. Details of the theoretical analysis
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for the determination of reaction lengths are given in Appendix D. It should be noted

that the analysis neglects any effect of possible nitrogen entrainment or oxygen and
hydrogen depletion due to mixing of the fuel and air streams with the nitrogen atmosphere
of the arc-jet chamber. In addition to the theoretical difficulties involved in such an
analysis (of which no solution exists according to the authors knowledge), experimental
data already discussed has shown these effects to be small enough to be neglected in an

engineering calculation of the type considered here.

The theoretical curves for the reaction length have been determined using the
value of x evaluated from Equation (D-34) (Appendix D) for Vg equal to the diameter
of the air nozzle. This represents the downstre am length required for the flame sheet
to traverse the air stream. In lieu of the above discussion, the reaction lengths pre-
sented must be considered an upper bound to the actual values and are included in this
study to indicate the general trend of the data.

In Figures 37 and 38, ignition delay and reaction lengths are presented for the
three-pointinjectiontestruns. Discrepancies existing between the theoretical curves
and the experimental points for this case are attributed to the same reasons as those

outlined for the single-point injection test data.

In Figure 39 a UV photograph of a point-injection test run at 2664°R and Vf/ Va
= 0.4 is shown as viewed from beneath the fuel injection port. For this test run the
fuel injector section was rotated 90° from its original position. The film from a
similar run (Figure 31) in which the ultraviolet pictures were taken with the hydrogen
inlet at the bottom of the nozzle (side view) was densitometered in order to locate the
main OH radiation zone. A plot of the isotransmissivity lines as a function of position
is shown in Figure 40. The lateral scale was magnified by a factor of two over the
longitudinal scale in order to clarify the plot. The main OH radiation zone is shown
at 10. 4 inches from the plane of the nozzle and directly in front of the hydrogen inlet.

Numerous attempts to record OH spectra from this zone were unsuccessful.

The operation of the gas sampling probe during a 2700°R, cold hydrogen test is
shown in Figure 41. Clearly evident from this UV photograph is the proper operation
of the probe with the probe bow shock swallowed. The nose of the probe is clearly
visible upstream of the envelope formed by the exiting probe cooling water. This
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photograph was taken at 1/10 of a second exposure in an attempt to minimize the
intensive radiation reflected fromthe cooling water exiting the probe. The com-
bustion zone in this photograph is not clearly defined due to the fast exposure time
used and due to the high intensity radiation from the cooling water which tends to

wash out the less intense area.

As mentioned previously, gas samples for the 0. 108" fuel-air spacing, point
and three point injection tests were taken at various locations in the combustion stream
in an attempt to locate the main OH radiation zone. As a result it becomes exceedingly
difficult to draw any conclusions as to the chemical behavior of the combustion zone
during the variation of some of the pertinent parameters. The lack of temperature
measurements for these runs also made it difficult to determine the combustion
efficiency at the measuring station. For completeness, measured and calculated
values of pertinent parameters, for this series of tests, are presented in Table II.
Details of the method used to determine the loc al equivalence ratio is presented in

Appendix E.

For the point-injection tests with 0.216" fuel-air spacing, combustion zone
temperatures were measured optically by use of the sodium line reversal technique
discussed in a previous section of the report. The majority of the temperature
measurements and gas samples were taken at the 18 inch downstream position, 5/8
inch below the centerline of the arc-jet nozzle towards the fuel port. The pertinent

data for these test runs are presented in Table III.

The temperature measurements recorded and those which were attempted indicate
a highly nonuniform distribution within the combustion zone. Winged spectra were noted
in a number of test runs indicating the existence of more than one main temperature
zone. Winged spectra are characterized by a peak or valley occurring on either or
both sides of the sodium line in absorption or emission. From the data of this series
of tests an increase in reaction length or combustion zone length was noted with an
increase in initial equivalence ratio (which indicates the amount of fuel introduced into
the system). Accordingly, for each set of initial conditions the reaction zone length
changed whereas the probe and temperature measuring station was fixed at 18 inches.
Consequently, different portions of the flame were sampled. Under these conditions,

different measured temperatures and gas sampling data can be expected due to the
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nonuniformity of the combustion zone.

In Figure 42 the variation of ¢, vs T a is shown for this series of data. In all but

4
one case the local equivalence ratio exceeded the initial value. This result is expected,
however, due to the position of the gas sampling probe. Consequently, for this particu-
lar case, the local equivalence ratio is not truly an indicator of the mixing attained. The

data presented is insufficient to establish a trend with probe position.

The parameter 7 aslisted in TableIIl is defined as the ratio of the mole fraction
of water to the sum of the mole fractions of hydrogen and water at the gas sampling
station of the combustion stream. This parameter can be considered a form of
combustion efficiency based on gas sampling data. In addition, experimental values
of the local static enthalpy are presented in Table III consistent with the measured

temperature and species concentrations.

It is evident from the data that more intensive measurements are required in
order to properly assess the combustion process. An optical scanning system and a
rake of gas sampling probés would be required to determine profiles of combustion
temperature and species concentrations. Distributions of this type at three of four
downstream stations for the same initial conditions would be highly desirable in the

assessment of the supersonic combustion characteristics of the hydrogen-air system.

Ring-Injection Tests

The initial testing in the second phase of the experimental study was devoted to
the ring injection of hydrogen through 24 injection ports for the ¢ = 1 case and 12
injection ports for the = 0.5 case. A photograph of the test set-up is presented in
Figure 43 showing the full 24 hole configuration and the gas sampling probe activated
into position. In this series of tests air static temperatures in the 2100°R and 2700°R
range were considered for equivalence ratios of 0.5 and 1.0 and fuel total temperatures
of 600°R and 1000°R. A second series of ring injection tests were performed later in
the second phase of the program. For this series the range of air static temperature
values was extended to 3100°R and the full 24 holes were utilized for the ¢ = 0.5 tests.
Instead of changing Af/Aa as in the first series of tests, an equivalence ratio of 0.5

was achieved by decreasing the hydrogen mass flow.




A study of the UV negatives for this series of tests indicated shorter and
much narrower reaction zones for the ¢ = 0.5 test cases than those of the ¢ = 1
test cases. The ¢ = 1.0 cases exhibited the same billowing of the combustion zone
as was noted in the point injection tests. It appears that once ignition has occurred
a more sudden heat release occurs for the stoichiometric case. A typical UV photo-

graph of the combustion zone for the ring injection case is presented in Figure 44.

As in the previously reported point and three-point injection tests, difficulty
was experienced in obtaining stable combustion at either 1900°R or 2000°R. Com-
bustion at these air static temperature settings was observed to be erratic in nature.
As a consequence, it was decided to conduct this phase of the program at 2100°R
rather than at the originally intended value of 1900°R. Gas samples and combustion
temperature measurements were taken fc;r this series of tests at each of three down-
stream stations, i.e., at 6, 12, and 18 inches corresponding to the exit plane of each
of the combustor segments. At the six inch location no indication of a temperature
rise was obtained from the sodium line reversal data. Unfortunately, a water leak
in the arc-jet system invélidated the gas samples extracted at this location.

Some difficulty was experienced with the UV negatives due to the sodium
bicarbonate tracer which was injected into the air stream for the sodium line reversal
temperature measurements. The combustion zone in most cases, however, was dis-
tinguishable, making it possible to determine the ignition delay and reaction lengths.
Most of the difficulty was encountered in the ® = 1.0 cases. Figures 45 and 46 show
the variation in ignition delay and reaction lengths, with air static temperature,
respectively, for equivalence ratios of 0.5 and 1.0. The theoretical curves for
ignition delay shown in Figure 45 are based on the theory of Schott and Kinsey
(Reference 11). The method of calculating ignition delay lengths used for this series
of tests is the same as that used for the single point cases. Both the'data and the
theoretical curves show an increase in ignition delay length for increasing values of
the fuel-air equivalence ratio, and a decrease in ignition delay length with increasing
air static temperature. Little effect is noted due to fuel total temperature variations.
The ignition delay data from the single and three point injector runs plotted in
Figures 33, 35 and 37 give a reasonable scafter band when plotted together. However,
the ring injection data from Figure 45 fall below this scatter band. An explanation for

this behavior lies in the film response to radiation. The photographic film records
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the three dimensional combustion stream as a two dimensional image. The radiation
from the depth of the stream is recorded (integrated) on the film plane. When this
occurs, the background (from the depth) fogs off the toe on the H&D emulsion sensitivity
curve making the film more responsive to low light levels. This increase in response
causes the ignition delay lengths to appear shorter. This effect can be corrected in
future experiments by using films which have been prefogged before use to the linear

response portion of the H&D emulsion sensitivity curve.

The reaction length data shown in Figure 46 indicates a decrease in reaction
length with an increase in air static temperature. In addition, an increase in reaction
length is noted for increasing fuel-air equivalence ratio. The theoretical curves shown
in Figure 46, as in the point injection case, are based on the turbulent mixing and
burning theory of Reference 25 outlined in Appendix D. The application of this two-
dimensional theory to the axisymmetric case at hand is justifiable since it is a well
established fact that the flow of an axisymmetric jet is initially quasi-two-dimensional.
Data exists in the literature (Reference 26) which indicates that the initial behavior of
an axisymmetric mixing zone is two-dimensional for downstream distances of approx-
imately 30 times the air nozzle exit radius. As in the point injection case, the
possible effects due to mixing of the ambient fluid and the fuel and air stream was not

considered in this analysis.

Even though the theoretical method utilized is valid for only stoichiometric
porportions of fuel and air, it has been applied here to the ¢ = 0.5 test cases to
represent an engineering approximation for these cases. It is interesting to note
that the theoretical curves in this case show a much more pronounced etfect due to
fuel total temperature variations. The scatter existing in the data (especially for the
¢ = 1.0 cases) must inpartbe attributed to the partial obscurement of the reaction
zone by the sodium bicarbonate tracer required for the optical measurement of com-
bustion temperature. Furthermore, the discrepancy which exists between the theory
and the experiments is directly attributable to the deviation of the combustion stream
from equilibrium behavior. The better agreement noted at the higher temperature
levels substantiates this conclusion since a decrease in reaction time results with
increasing temperature, ie., the reaction proceeds to completion at a much quicker

rate.
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In Figure 47 the total reaction length, as determined from the data, (i.e.,
ignition delay plus reaction length) is plotted versus air static temperature. The
theoretical curves shown in this figure have been computed by the turbulent mixing
theory of Reference 25 using the sum of both the unreacted mixing length (Figure 48)
and the previously discussed reaction length, &r. Good agreement is noted between
theory and experiment for this parameter. The significance of this comparison is
that an engineering estimate of the total length of the reaction zone can be obtained
by use of the theoretical predictions for the unreacted mixing length based on the
frozen flow assumption and that for the reaction zone length based on the flame
sheet approximation. In Figure 47 as in Figure 46 the value selected to represent
the distance traversed by the flame sheet, prior to intersection at the center of the
stream, is the sum of the fuel-air spacing and the radius of the arc-jet air nozzle.
Selection of this characteristic dimension has a certain amount of arbitrariness
connected with it since the theory does not account for the thickness of the metal
separating the fuel and air at the fuel injection plane.

The contribution of the sodium bicarbonate tracer to the UV photographs can be
seen in Figure 49 which is an air blank of a 3078°R air static temperature test run at
one second exposure. All other air stream UV photographs without the sodium bicar-
bonate tracer were completely blank for the same exposure. In Figure 50 a typical
@ = 1.0 UV photograph is shown which indicates the partial obscurement of the re-
action zone due to the presence of sodium. A comparison of Figures 49 and 50 shows
the end of visible emission for both the air run with sodium and the fuel injection case
to occur at approximately the same location, This observation is partially connected
with the usual. quenching action of the external environment on any free-jet type test
and with the fact that the superposition of the sodium emission does influence the

end location of the emission zone.

The UV photographs shown thus far were taken with the use of the Zeiss filter
whose characteristics have already been discussed in a previous section of the report.
During the ring injection test runs, however, some of the UV photographs were record-
ed with the use of the Perkin-Elmer spike filter also discussed in an earlier section.

A typical photograph of the OH radiation zone with this filter is shown in Figure 51
for a 3240°R air static temperature at an equivalence ratio of 0.5. The use of the

spike filter, which was employed to insure the proper elimination of any extraneous
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sources of radiation, proved to be unsuccessful because of the fuzzy combustion
zone image that it recorded on the UV film. The cause of the fuzzy glow surround-
ing the reaction zone has in part been attributed to the possibility that the filter is

translucent but not transparent.

The specie concentrations obtained from the gas sampling analysis, the optically
measured combustion temperatures and other pertinent data calculated for the ring
injection series of tests are presented in Table IV. Careful examination of the test
data indicates an apparent decrease in sodium line reversal temperature for in-
creasing air static temperature. Accordingly, the sodium line reversal temperatures
show a decreasing trend with decreasing reaction length. The significance of this fact
is that for a stationary optical measuring position (say at either the 12 inch or 18 inch
position) a decrease in the length of the reaction zone results in temperature measure-
ments at different downstream locations of the combustion region. As a consequence,
the data shows a quenching of the reaction zone which causes a fall-off in temperature
toward the tail end of the flame. It is thus evident that the maximum combustion
temperature is attained somewhere towards the latter part of the combustion zone;

probably at the point where the billowing of the reaction zone occurs.

The color photographs taken in this series of tests support the above results.
A study of the yellow sodium radiation zone in these photographs indicates the same
behavior as noted in the UV pictures of the combustion stream.

It is also of interest to note that the further the penetration of the gas sampling
probe into the combustion stream, as caused by the reaction length variations cited
above, the higher the concentration of unreacted hydrogen. Along with the decrease
in reaction length noted for increasing air static temperatures, a decrease in un-
reacted hydrogen concentration was also noted. The formation of water, on the other
hand, seems to peak at around the 2500°R to 2700°R temperature level. Consistent
with the apparent motion of the focal point of the optics and the gas sampling probe
location due to variations in reaction zone length, it is noted that the maximum (or

peak value) concentration of water occurs towards the end of the reaction zone.

In Figures 52 and 53 local equivalence ratio data is presented for both the first
and second series of ring injection tests. It is of interest to note the improved mixing

(increasing ¢ ;) With downstream gas sampling probe location indicated in Figure 52.
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The data appears well behaved especially for the second series of tests.

Experimental static enthalpy values based on the optical temperature measure-
ments and gas sampling data are shown in Figures 54 and 55 plotted versus air static
temperature for the first and second series of ring injection tests, respectively. The
trend of the sodium line reversal temperature measurements with increasing air static

temperatures, discussed previously, is evident in these figures.

In Figures 56 and 57 variations in the parameter ;7 with air
static temperatﬁre and measured sodium line reversal combustion temperature,
respectively, are presented. The trend of the data shown in these figures is con-
sistent with other data from this series of test runs; namely that an increase in air
static temperature results in a more efficient system, whereas for increasing opti-
cally measured temperature a decrease in efficiency is noted. The latter result is
in keeping with the apparent movement of the optical focal point with changes in re-

action zone geometry as caused by variations in test conditions.

In addition, it is evident from Figure 56 that better efficiencies result at lower
air static temperatures for the 12 inch position while little effect was noted due to
probe position at the higher air static temperatures. The data shown in Figure 57,
on the other hand, indicates an almost constant efficiency up to a measured cofnbustion
temperature of 3500°R independent of position changes from 12 inches to 18 inches
and a fall-off in efficiency beyond 3500°R for the 16.5 and 18 inch positions.

Included in the data presented in Table IV is an effective equivalence ratio,
Qﬁeff, defined as being that value of the equivalence ratio which with complete com-
bustion would produce the required measured conditions. Accordingly, equilibrium
thermodynamic data based on experimental static pressure and enthaipy (obtained
from optically measured temperature and gas sampling data) values were used to

determine @e £

Original Segmented Combustor Tests

Testing of the original segmented combustor, designed for constant pressure
operation at 2700°R air static temperature, 1000°R fuel total temperature and an

equivalence ratio of unity, comprised the major portion of the Phase Ilexperimental
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program. A photograph of the three segments composing the combustor is shown in.
Figure 58. Vigible in the photograph is the inner surface tube of the combustor with
its related pressure and thermocouple leads. The completely assembled combustor
is shown in Figure 59. The pressure taps inside the combustor (fen in each segment)
were connected to a mercury manometer which was photographed during each of the
test runs of the series. Surface temperature histories from thermocouples (also ten
in each segment) located on the alternate side of the combustor from the pressure
taps, were automatically recorded by the facilities ATAR data acquisition system
during the course of each test. The overall combustor test rig showing the initial
combustor contour and the pressure and thermocouple locations has already been
presented in Figure 3.

For the first series of combustor test runs each of one, two and finally three
segments of the combustor were tested for the same set of flow property variations
considered in the free-jet ring-injection series of tests. Pressure and wall tempera-
ture data were recorded in addition to the gas sampling and optical temperature data,
measured in the center of the exit plane of the end segment in each of the configurations
tested. Pressure distribution data is presented in Figures 60 and 61 for the one
segment configuration at 2100°R and 2700°R, respectively; Figures 62 and 63 for the
two segment configurations at 2100°R and 2700°R, and in Figures 64 and 65 for the

complete combustor at the same air static temperatures.

From these recorded pressure distributions it is evident that the overall pressure
level inside each of the combustor configurations was much lower than that expected.
The low pressures recorded were obtained initially as a result of the sudden increa se
in area caused by the step formed by the parallel fuel injectors and the combustor
wall. The large flow separation region formed at the step in the absence of fuel in-
jection (during stabilization of the arc-jet air conditions) greatly decreased the pressure
there. Once established, it becomes very difficult to remove the separated region
with fuel flows of the magnitude used in these tests. In addition, because of the re-
sulting low pressures and temperatures downstream of the step, combustion did not
occur at the beginning of the designed constant pressure contour which also served
to decrease the local values of the static pressure and temperature. Lack of com-
bustion at this location caused a gas flow expansion in the absence of the pressure
rise expected there due to burning. It is clear from Figures 60 - 65 that the

general low pressure level and the reflections of the reattachment shock wave




downstream of the step caused the boundary layer to separate near the end of the
combustor. It is also evident from the pressure data that the onset of combustion
occurred in the region of flow separation near the end of each combustor configuration
tested.

Typical UV photographs of the combustion stream exiting the combustor for
this series of tests are shown in Figure 66 for a three segment combustor and in
Figure 67 for a one segment combustor. The arc-jet chamber pressure for Figure
66 was 0.326 atm. while that for Figure 67 was 0.5 atm. A lambda shock wave
pattern is discernible in each of these photographs which is similar to that en-
countered in over expanded supersonic nozzle flows of pexit/ Pionk in the range of
0.4 to 0.6.

Wall temperature distribution data for these combustor runs were recorded as
being very erratic. Typical distributions for the complete combustor are shown in
Figure 68. The random nature of the wall temperature measurements shown in this
figure is attributed to widespread cracking and breaking away of the ceramic cement
insulating the bare wire between the thermocouple sheaths and junctions. The
consequence of this occurrence resulted in unpredictable and random thermocouple
heat conduction errors. The nonuniform cracking and breaking from station to
station resulted in a different heat loss environment for each thermocouple. For
this reason, the bulk of the surface temperature distributions recorded for this com~
bustor contour has been omitted from this report. Attempts at calculating local heat

transfer rates from these thermocouple data also proved unsuccessful.

The total overall heat rejection rates for this series of combustor tests were
obtained by measuring the total cooling water flow rate and temperature rise. These
results are plotted in Figures 69, 70 and 71 in terms of heat rejection rate (Q) divided
by the air stream total temperature (TO ) upstream of the hydrogen injection station.
This parameter was chosen in order to eliminate air temperature as a variable and
thereby isolate the effect of fuel-air equivalence ratio, hydrogen temperature, and
arc-jet chamber pressure on héat rejection rates. The total temperature of the air
stream was determined from real gas thermodynamic tables utilizing the measured total
pressure' (arc-jet plenum pressure) and the total enthalpy resulting from a careful heat

balance of the entire arc-jet system. Figures 69, 70 and 71 reveal the following points.
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1) There is little effect of arc-jet chamber pressure on heat rejection for
tests where ¢ = 0 (air alone).

2) There is no discernible effect of air temperature on Q/ T0 for tests

where ¢ = 0. 1

3) In tests where hydrogen was injected, the higher air temperature results

in lower values of Q/T0 .
1

4) The higher hydrogen temperatures result in only slightly higher values
of heat rejection for the three-segment combustor and seem to give a
larger spread of heat rejection in the case of the two-segment combustor.
This is to be expected since in the three-segment combustor there is a
greater heat release than in the two-segment combustor and this tends to

obscure the differences in initial energy level.

5) In tests where hydrogen is injected, the arc-jet chamber pressure has a
strong effect on heat rejection: higher pressures result in higher heat
rejection. This occurs because velocities in the combustor decrease as

back-pressure increases, and consequently, combustion efficiencies increase.

6) Heat rejection in tests where ¢ = 0.5 was approximately equal to that in

tests made at the same pressure and ¢ =1.0.

Gas sampling data, sodium line reversal temperatures and other calculated data

for the first series of combustion test runs are presented in Table V.

Local equivalence ratio data is presented in Figure 72 for both the two- and three-
segment combustor. No set pattern can be established from the data. If anything there
appears to be an increase in ¢, with air static temperature for the two-segment com-
bustor configuration and an opposite trend for the three-segment combustor. This
reversal in trend is also noted in the experimental static enthalpies presented in Figure
73. Owing to the extremely complicated nature of the internal flow noted during the test
runs in this series, it is difficult to pin-point the causes contributing to the difference
in behavior noted for the two-and three-segment combustors. The flow pattern inside
the first two segments, when operating as a complete combustor, is vastly different
than when operating as part of the full three-segment combustor. This behavior

contributes greatly to any discrepancy noted in measured values. Differences in
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wave pattern, boundary layer growth and location of the separated region noted
towards the end of each combustor configuration are apparent from the data. The

pressure distributions shown in Figures 62 - 65 clearly indicates this fact.

Modified Segmented Combustor

In an attempt to remedy the low pressure environment which resulted in the
original segmented combustor and to improve its overall performance, it was decided
to modify the existing combustor contour to a shape designed to maintain a high pressure
environment for the fuel and air stream. The accomplishment of this objective
required the relaxation of the parallel fuel injection condition originally specified.

A converging contour (approximately 10°) just downstream of the fuel injector hard-
ware was selected to decrease the original area back to the design value. This
contouring of the step region was instated to minimize the pressure drop in the
separated region occurring there by fixing the length~to-step height below the critical
value required for the flow to span the separated region (Reference 27). In addition

to the above changes, the constant area mixing region was extended beyond its original
location. Based onthe experimental data of the original combustor it was evident that

a longer constant area mixing region was required to help maintain a higher pressure
level for a longer time so that ignition could occur prior to the contoured section designed
to maintain constant pressure supersonic combustion. A comparisonbetween theoriginal,
modified and the analytically designed constant pressure combustion contour is shown in

Figure 74. The location x = 0 in the figure corresponds to the end of the constant area section.

A complete layout of the modified contour which comprises the inner combustor
tube is shown in Figure 75, along with the new instrumentation setup. Owing to the
difficulties experienced with the first set of thermocouples, it was decided to change to -
a more positive system. Stainless steel sheathed thermocouples, 1/16 of an inch in
diameter were purchased from the Conax Corporation. These thermocouples were used
to measure both the inner and outer wall temperatures. The thermocouples which mea~
sured inner wall temperature were pressed into blind holes in the combustor wall to
within 0. 015 inches of the inner surface and silver soldered at the outer surface. The
thermocouples which measured outer wall temperatures were simply silver soldered
to that surface. At stations where temperature measurements were made, the inner
and outer surface thermocouples were placed in the same cross sectional plane and

within 15° of each other.
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In order to avoid the separated region which occurred toward the end of the
original combustor, it was decided to operate the arc-jet chamber at as low a pressure
level as possible. For this series of test runs the chamber was kept at a pressure of
0.22 atmospheres. A typical UV photograph of the combustion stream exiting the 18
inch combustor is shown in Figure 76. The lambda shock wave pattern discussed earlier
is also present in this photograph. Two distinct combustion zones (a peripheral type

burning) are also visible in this photograph.

Pressure distributions inside the modified combustor are shown in Figures 77
and 78 for the 2700°R air static temperature tests at equivalence ratios of 0.5 and 1.0,
respectively. It is clearly indicated by this data that no apprecisble combustion could
have occurred within the three-segment combustor. Lack of a pressure rise for either
of the two equivalence ratio cases with both cold and heated hydrogen clearly indicates
this fact. From visible observations of the tests it appeared that combustion occurred
near the exit plane of the last segment of the combustor. It should be noted that the

pressure tap at the 11. 7 inch station was leaking during the test runs.

The corresponding wall temperature distributions shown in Figures 79 and 80
also confirm the absence of combustion inside the combustor since no rise in inner
wall temperature was observed. This apparent lack of combustion was further con-
firmed by the gas samples taken at the exit plane which showed no free hydrogen or
water, and oxygen and nitrogen in their original proportions. Furthermore, no
meaningful data were recorded by means of the optical sodium line reversal temperature

set-up focused at the center of the combustion exit plane.

It should be pointed out that the pressure data shown in Figures 77 and 78 does
indicate the effectiveness of the recontouring in the vicinity of the fuel injection station.
The separated region encountered there during the original combustor test series was
drastically reduced in the absence of fuel injection and eliminated completely for the
fuel injection cases. All indications appear to confirm that the gas stream in that
vicinity behaved according to design. In addition, the flow separation experienced
in the aft portion of the original combustor configurations (one, two or three-segments)

was also eliminated.
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It appears that complete mixing did not occur in the higher pressure level
region just downstream of the fuel injection station. Apparently, a longer mixing
length is required by the fuel and air streams at the pressure level encountered in
the constant area section of the burner. A delayed ignition due to inadequate mixing
would further be delayed due to the pressure fall off experienced by the mixture stream
upon entering the contoured portion of the segmented burner designed for constant
pressure supersonic burning. Indications are that any loss in static pressure (at
least for the air static temperature range considered here) to a value below 0.5
atmospheres greatly hinders the auto-ignition characteristics of hydrogen—air com-
bustion system.‘

On the basis of these combustor test results, it was decided to test the modified
combustor at higher air static temperatures. In Figure 81, wall static pressure
distributions are shown for a series of test runs conducted at 3100°R air static tempera-
ture for cold and heated hydrogen. A significant pressure rise is noted beginning near
the start of the constant pressure contour section. The pressure level in this section
is noted to increase from '0. 15 atms. to 0.25 atms. for the cold hydrogen case and to
0.3 atms. for the heated hydrogen test.

Wall temperature distributions for the higher air static temperature tests are
shown in Figures 82 and 83 for cases without hydrogen injection and with hydrogen
injection, respectively. Substantial increases in wall temperatures are noted, which

tend to confirm the attainment of combustion as indicated by the pressure data.

Unfortunately, during the 3100°R air static temperature test runs, several water
leaks were incurred at the silver solder joints of the flanges used to support the inner
combustion tube to the outer water jacket. The extent of the damage was severe enough
to warrant completely new silver soldering of the flange joints which constituted a major
repair effort to the model. This unfortunate situation caused a curtailment to the com-
bustor test program at a point where significant results were being obtained.

Local heat treansfer rates were computed from the wall temperature histories
recorded by means of a one-dimensional heat conduction analysis. The validity of the
one-dimensional approach utilized here is substantiated by the experimental data of

Reference 28. In this reference, which reported test data on a nozzle of approximately
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the same wall thickness as that of the modified combustor, it is shown that axial
conduction effects are negligible. The thermocouple installatian for the nozzle

used in Reference 28 was the same as that for the modified combustor contour.

The one-dimensional heat conduction equation used in obtaining local heat

transfer rates was derived as follows:

q=-ka -
where

A =27mrL
and

k=k [1+a(T-T,) |
As aresult

a dl;,rL>='-ko [1+a(T-To) ldT

which when integrated yields

e S Ll G R DRI EN
ry 1n (r - Ar >
o
where

_Ag__ - is the local heat rejection per unit area.

i .
ko -  is the thermal conductivity of the wall at T o
To - is areference temperature (picked to be 212°F for the present case).
r, - is the local inner surface radius.
r, - 18 the local outer surface radius.
A, -  is the radial separation between the inner and outer wall thermocouples.

e - is the outer wall temperature.
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Ti -  is the inner wall temperature.

The local heat transfer rates calculated by means of the derived equation are
presented in Figure 84 for air, cold hydrogen injection and heated hydrogen injection
for an equivalence ratio of unity. It is of interest to note from this figure and from
Figures 82 and 83 the effect of hydrogen injection on wall cooling. The temperature and
heat transfer data shows an effective cooling length of 4 to 5 inches which would tend
to indicate poor mixing and penetration in this area. Since the constant pressure
burning contour starts atthe 3 inch station, it is evident from the data that the hydrogen
is still close to the wall in this region. The pressure distributions of Figure 81 also
bear out this conclusion since ignition is shown to occur in the vicinity of the 5 inch
downstream location. This apparent poor mixing and penetration of the fuel into the
air stream is quite surprising since the modified contour in the injection region forms
an injection angle of approximately 10°. It would seem that the higher pressures just
downstream of the fuel injection station causes the hydrogen to adhere to the surface
there. Furthermore, the loss in pressure experienced downstream of this station
and the resulting lack of éombustion also contributes to the poor mixing and penetration
noted in this test series.

Gas sampling data and sodium line reversal temperature meaéurements taken
at the center-line of the combustor one-half inch from the exit plane didn't show any
indications of burning there. The species concentrations recorded there indicated air
in essentially the same proportions as inputted to the arc-jet system. Optical tempera-
ture observations during the course of the tests proved unsuccessful since the results
showed that two high temperature zones existed on either side of the focus point of the
optics. The "winged' temperature spectra, together with the absence of free hydrogen
or oxygen depletion in the gas samples, indicate peripheral burning close to the sur-
face of the combustor. These results appear to tie in with the delayed mixing and
penetration observed from the wall pressure and temperature histories previously

discussed.

In Figures 85, 86 and 87 theoretical pressure distributions are compared with
the experimental values recorded during the abbreviated modified combustor test pro-
gram. Figure 85 shows the largest discrepancy between the one-dimensional cycle
analysis and experiment since no apparent burning occurred in the 2700°R air static
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temperature test runs for either cold or heated hydrogen injection. Better agree-
ment is noted in the 3100°R air static temperature cases shown in Figures 86 and
87.

The theoretical curves presented in these figures were calculated by an iterative
matching procedure utilizing the cycle and kinetics programs discussed in Appendix A.
Use was also made of the off-design analysis presented in Appendix B and the experi-
mental values of the total heat transferred to the combustor walls. The use of the
proper experimental total heat rejected and the resultant skin friction coefficient
obtained from the off-design analysis, resulted in lower theoretical combustion
efficiencies for the 3100°R air static temperature runs. The lower combustion efficiencies,
in turn, yielded lower pressures inside the combustor since less heat is being re-
leased there. This trend in theoretical behavior is shown to compare quite well with
the experimental pressures in Figures 86 and 87. It should be noted that the results
of any one~-dimensional analysis can at best only be considered an engineering
approximation to the actual flow behavior inside the combustor. The highly non-
uniform nature of the flow properties inside the combustor invalidate the one~
dimensional approach except to indicate general trends and average engine cycle

performance as required in vehicle integration studies.

A comparison of the measured and theoretical predictions for the total heat
rejected from the combustor for one of the 3100°R test runs is shown in Figure 88.
The theoretical curve has been calculated in accordance with the modified turbulent
boundary layer approach of Reference 29 which is discussed in Appendix A. The
inviscid outer conditions required for the boundary layer calculation were taken to be
those predicted by the one-dimensional cycle analysis discussed above. The maximum
discrepancy appears to occur in the middle portion of the combustor which can be
attributed to previously noted discrepancy in wall pressure there. Corresponding
theoretical variations in displacement thickness and internal drag are presented in

Figures 89 and 90.




CONCLUSIONS AND RECOMMENDATIONS

The various phases of supersonic combustion studied in this experimental
program have indicated certain effects of varying some of the more pertinent mixing
and combustion parameters. Within the range of values considered, more pronounced
effects on combustion were noted due to air static temperature, equivalence ratio and
fuel-air velocity ratio variations than due to fuel total temperature and fuel-air spac-
ing changes. In general, only slight variations in measured quantities were attributed
to changes in fuel total temperature from 600°R to 1000°R or in fuel-air spacing from
0.108" to 0.216".

Temperature measurements by both OH emission and absorption were attempted
numerous times during the experimental program. The inability to obtain the OH
spectra required for temperature determination is attributed to combustion temperatures
being below the 4200°R level.

The sodium line reversal technique proved to be quite useful during this test
program. It was the 6nly, simple, rapid remote temperature sensing technique
available for the combustion temperatures encountered (3400-4200°R). It should be
noted that all optical measuring techniques average the temperature over some stream
volume, which in the present optical setup consisted of two wedges joined together at
their apices. The reliability of these methods suffer from stream inhomogeneities, i.e.,
non-uniformity, shock waves, etc. The remote temperature sensing technique with
their attendant drawbacks are preferred over temperature probes which unduly disturb
the stream. The introduction of sodium into the stream by the powder feed method
was far superior to its introduction by salt solution methods. The only adverse effect
due to the sodium bicarbonate tracer in the stream was a slight obscurement of the
combustion zone in the UV photographs. This effect did not cause any serious
difficulties. Future work with sodium line reversal techniques for combustion tem-
perature determination should utilize ganged, fiber optic probes aligned on either side
of the combustion stream utilizihg a common image of a standard lamp as the continuum
source. This method eliminates critical alignments, moveable optics and results in
the temperature sampling of small collimated cylindrical stream volumes. One
spectrometer could be used to readout simultaneously spectral data from ten different

probes. The fiber optics transmitting light from the flame would terminate on a
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Hartman slide mounted on the spectrometer slit. The Hartman slide would have ten
holes along the slit length. Using a stigmatic spectrometer, where a point on the

entrance slit is imaged as a point on the exit slit, all channels are scanned simultaneously.
The exit slit is constructed in a similar fashion to the entrance slit. Light from the exit
slit is transmitted to the photomultipliers by fiber optics. Each channel in the system

must have its own separate photomultiplier, amplifier and recorder.

The theoretically determined ignition delay and reaction lengths, calculated for
the 0.5 atmospheres pressure level of the experiments, yielded approximate results
whose general trend compared favorably with the experimental values read directly
from the UV negatives. Best agreement for the reaction lengths was noted for the free-
jet ring injection test cases since the theoretical model for these cases represents a
better engineering approximation to the actual model in the absence of any nitrogen
entrainment or oxygen depletion due to mixing of the air stream with the surrounding
nitrogen. In particular it was shown that the overall reaction length (measured from
the fuel injection station to the end of the combustion zone) can be predicted quite well

utilizing the method of Reference 25 as presented in Appendix D.

Although good results were obtained for the free-jet portion of the test program
(for point, three point and ring injection) it becomes evident from the data that more
intensive measurements are required to properly analyze the particular combustion
process. Transverse distributions of combustion temperature, specie concentrations,
and stream total enthalpy (or stream velocity), measured at several downstream
locations, would contribute greatly to the assessment of combustion characteristics
and the uniformity of the reaction zone. Traverse systems similar to those used in
wind tunnel boundary layer probing can be used to achieve the above suggested increase
in combustion zone measurements. Knowledge of stream total enthalpy, as obtained by
a total enthalpy probe’would simp}ify the determination of combustion efficiency.

It is clear from the results of the present study that experimental data obtained
from free-jet tests contributes very little to the design of a combustor using a similar
fuel injection system. The presence of the combustor wall alters the local behavior of
the flow sufficiently to invalidate the fuel-air mixing and general ignition characteristics
as predicted by the free-jet data. The contribution of the surrounding environment to

the downstream combustion reaction quenching and the absence of wall effects (which
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is the most important factor) also render the free-jet reaction length data inadequate
for combustor length determination. It should be emphasized that any theoretical
approximation as to fuel-air mixing, ignition and reaction lengths required for a
particular combustor must consider the mixing and burning processes in the presence
of a cooled surface. Only in this manner can theoretical prediction be considered

adequate for combustor design.

In the original combustor tested during the second phase of the test program
the main emphasis was placed on parallel fuel injection at a matched static pressure
value of 0.5 atms. between the hydrogen and the air stream. The results of the test-
ing clearly indicate the need to maintain as high a pressure level in the beginning of
the combustor as possible. The loss of pressure caused by the rapid area change pro-
duced by the fuel injection plate and the combustor wall, was never recovered. Once
established (during stabilization of the arc-jet air conditions), the separated region
formed at the step could not be removed even when the hydrogen was injected there.
This factor together with the final separation of the flow near the end of the combustor
caused by the reflections of the strong reattachment shock wave downstream of the step

contributed greatly to the poor performance of the original combustor.

It is clear from the data recorded during this series of tests that loss of pressure
below the 0.5 atms. level greatly hinders the auto-ignition characteristic of the hydrogen-
air system. Lack of combustion prior to the contoured portion of the combustor further
hindered the mixing and general pressure level. It is felt that future supersonic com-
bustion testing should be conducted at pressure levels of one atmosphere. The higher
initial pressure would be beneficial to ignition which in mpn would help the mixing between

the hydrogen and the air.

Modification of the original combustor contour minimized the initial separated
region during the arc-jet air stabilization period of the test and removed it completely
when hydrogen was injected. The pressure drop in the step region was minimized by
fixing the length-to-step height of the contour there below the critical value required
for the flow to span the separated region. In addition to the higher pressure level
achieved in the forward portion of the combustor, the modification also contributed to
the elimination of the flow separation noted towards the end of each of the original com-
bustor configuration (one, two or three segments) by the removal of the reflections of
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the strong reattachment shock wave which existed downstream of the step region in the

original combustor.

The lack of burning noted inside the modified combustor for the 2700°R air
static temperature test runs must be ascribed to mixture pressures and temperatures
in the constant area portion of the combustor below those of the free-jet ring injection
tests at 2700°R which resulted in ignition delay lengths of less than 2 inches. Since the
wall pressures recorded in this region for the 2700°R test runs (Figure 85) indicate a
level between 0.45 and 0.5 atms. (at the design point just prior to the contoured section)
the absence of ignition must be mainly due to a mixture static temperature well below
the estimated value of 2100°R for the cold hydrogen test and 2200°R for the heated
hydrogen case. These mixture temperatures were calculated on the basis of a one-
dimensional adiabatic, constant area mixing calculations. The slightly lower pressure
recorded at the one inch position is due to a slight flow expansion caused by the apparent
fuel injection angle (less than 10°) at that station. In general, it appears that the effect
of combustor wall cooling is sufficient to decrease the mixture temperature below the
values cited above which are required for ignition. The condition existing in the constant
area section was further aggravated by the flow expansion which occurred in the de-
signed constant pressure contour in the absence of burning. The combined effects
resulted in a pressure level below 0.2 atms., a level which requires very long ignition
delay lengths. It should be noted here, however, that the apparent poor mixing indicated
by the data was one of the major factors contributing to the lack of combustion previously

cited.

An increase in air static temperature to 3100°R did induce combustion inside
the modified burner. For these off-design cases the pressure level in the constant
area section of the burner (Figures 86 and 87) was essentially the same as that for
the 2700°R tests while the mixture temperatures were estimated at 2500°R for the
cold hydrogen test and 2600°R fof the heated hydrogen case. The higher mixture
temperatures were sufficient to induce combustion just prior to the contoured section
designed for constant pressure burning. The theoretical off-design analysis for the
3100°R test cases, using the experimental values of QR (total heat rejected), showed
a corresponding decrease in skin friction coefficient. Both these effects tend to de-
crease the combustion efficiency which results in lower pressures inside the burner

since the amount of heat being released there is decreased. This off-design behavior
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Predicted by theory is substantiated by the experimental wall pressure values.

Although brief, the modified combustor tests did indicate certain pertinent
factors which should be considered in combustor design.

1. A great deal of care must be exercised in designing the contour in the
fuel injection region. The data from the tests show that the existence of a separated
region caused by a rapid area increase in the fuel-injection region is highly undesir-
able especially at the lower entrance pressures (0.5 atmosphere). If the separated
region is desired there to act as a flame holder, care must be taken to design the
contour there (as in the modified combustor contour) so that its effect on the local

pressure level is minimized.

2. The constant area section (used as a mixing region) prior to the contour
designed for constant pressure burning should be sufficiently long to insure proper
mixing and ignition there. Indications from all the combustor test runs are that it is
very important to avoid the increasing area region of the constant pressure contour
before the onset of combustion since the resultant flow expansion there in the absence
of combustion results in an appreciable loss in pressure. The heat release noted for
the lower pressure level of these tests appears to occur gradually. As a result a
longer constant area section could be utilized without danger of thermal choking (at

the pressure levels of the subject tests).

3. The effectiveness of annular injection (essentially 10° for the modified
combustor) on the mixing and penetration characteristics of the hydrogen is greatly
impaired if ignition is delayed due to static pressure or temperature deficiencies.
Beneficial results can only be expected if the mixture pressure and temperature is
maintained at a level consistent with its free ~jet counterpart whose results as to

ignition delay length should be utilized in the design of the combustor. i

On the basis of the present experimental program, it is recommended that
future combustor test programs be conducted at higher pressure levels (at about one
atmosphere). It is clear from the data that strong adverse effects are encountered at
the lower pressure levels (below 0.5 atms. ) in the presence of combustor wall cooling.
Since the effect noted here due to wall cooling would not exist for a full scale vehicle
using regenerative cooling of the combustor surfaces, higher entrance temperatures
should also be utilized in future testing. Ina regenerative cooling system the heat
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loss to the surface coolant shows up as an increase in fuel temperature so that the
overall mixture temperature is not affected. Accordingly, the effect of wall cooling

should be eliminated from the mixture temperature by increasing the initial air static
temperature or the fuel temperature.
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APPENDIX A

DESCRIPTION OF COMPUTER PROGRAMS USED FOR
COMBUSTOR CONTOUR DESIGN

Combustion Cycle Analysis

The existing Republic Aviation Division combustion cycle analysis program
is based on the solution of the classical one-dimensional conservation equations.,
The program considers Station 2 to be the entrance to the combustor, Station 3

to be the end of the mixing zone and Station 4 to be the exit of the combustor.

Fuel is introduced into the system at Station 2. The calculation of fuel
injection characteristics is based upon a shockless injection process in which
the static pressure at the exit of the injector is equal to the local air static pres-
sure, and in which the fuel velocity vector is axial and directed downstream.
Fuel flow properties are calculated from input values of fuel total temperature,
total to static pressure ratio, the assumption of an isentropic expansion process,
and the use of hydrogen tables.

The calculation from Station 2 to Station 3 assumes a shockless, non-
reactive, constant area, adiabatic, dragless mixing process. The gas mixture
leaving Station 3 is assumed to be homogeneous and its thermodynamic state
is determined through an iterative calculation of the static pressure and temper-
ature there using the following one-dimensional conservation equations and

hydrogen-air thermodynamic tables, From continuity

p
S RT )
2 - <2 ; (A-1)
ps2 3 Oy
momentum
o
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energy

H,=H, +H _=h + > (A-3)
or
— f 1
hy = [h3a *hge (5) ] 1+/a (A-4)

Combining Equations (A-1) and (A-~2) there results the working equation

V(2 8,-V3)

TS3= iE, (A-5)
where
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and where k is used here to represent the possibility of considering four separate
gases entering the mixing zone. The iteration procedure utilized in this portion

of the program is initiated by inputing estimates of the answers required.

The calculation from Station 3 to 4 is based upon a one-dimensional shock-
less, heat addition process. The effects of combustion efficiency, internal drag,
and heat rejection are accounted for. The gas leaving Station 4 is assumed to be
homogeneous and in an equilibrium state. As used in this analysis, the combustion
efficiency defines the percent of the ideal heating value added to the total enthalpy
of the system.

Two supersonic combustion cycles were utilized in the present study: The
general process in which the pressure-area relationship is defined by the equation

pn_l A" = constant




and the special case of a constant pressure cycle. In the general case,

n=10, constant area cycle

n> 0, increasing pressure cycle
n=0, constant pressure cycle (indeterminate in this format)
n<l, decreasing pressure cycle

For the n-cycle, the governing one-dimensional conservation equations

and the equation of state results in the following set of working equations.

From cycle definition

pn_l A" = constant

continuity,

1

p
st (s, .1_]"
Pgg - 4 “3

momentum,
pS4 - r 83 . :\77
psS - Vz
e+ GT

and energy,

2
. V4
Hy=Hz +AQ) - AQp =h, + 7.5
Combining Equations (A-8) and (A-9) yields

T = Vo loaghy-Vy
Sy nR4g

where Equation (A-8) can be re-stated according to

n-1
A P
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(A-8)
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and where

RTs
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AQR in the analysis refers to the heat rejected from the combustor which
in an engine system is partially accounted for in the fuel total enthalpy when the
system is regeneratively cooled. The combustion process for this cycle is solved
for a given 7) by iterative calculations of the combustor exit static pressure and
temperature in conjunction with the appropriate hydrogen-air equilibrium thérmo—

dynamic tables.

For the constant pressure portion of the computer program, the governing

equations are as follows

8y = P (cycle definition) (A-18)
3
(V3 - V4)
D= Wg g (momentum) (A-19)
or
cD As A3 V32 Pay
D = (=7 (X:;) T (A-20)




and

H, = Hg+ AQA - AQR =h, + - 3 (energy) (A-21)

Combining Equations (A-19) and (A-20) yields the working equation

Cn A [RT.)
_ D s’
Vy=Vy {1- 6 (f’ [“ T s 1 (A-22)

For this combustion process variations in fluid properties inside the combustor
are obtained by iteration of the exit static temperature.

The computed area ratio, A 4/A3, varies with the input cycle parameter n
as well as the other input parameters. To maintain a fixed geometry combustor
area ratio with the present program, it is necessary to parametrically calculate
area ratio versus 7. The matched value of 1 is then used for the final calculation.

The initial input value of combustion efficiency, Mo » is usually estimated
from experience. A manual procedure was developed to calculate the actual com-
bustion efficiency for a given combustor length, area ratio, and equivalence ratio
once the combustor entrance and exit conditions are known. This procedure en-
tails the use of the cycle analysis program in which the n-cycle values are varied
through a reasonable range at 100 percent combustion efficiency. The resultant
combustor inlet and exit conditions are then input into a chemical kinetics com-
puter program which calculates species concentrations and combustion efficiency
as a function of length for each value of the cycle 1. Cross plots of the cycle and
chemical kinetic data produce the matched combination of combustion efficiency

and cycle n for the given combustor length and area ratio.

The internal drag coefficient used as the initial input value must be re-
evaluated following the initial cycle calculation. This is usually accomplished
by a separate internal drag calculation for the combustor model using the initial
combustor inlet and exit conditions and the specified fuel injection method and
combustor model. The revised drag coefficient is calculated using Equations
(A-16) - (A-20) and re-inserted into the cycle analysis program'.
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The drag coefficient is referenced to the combustor entrance and exit
thermodynamic and flow properties as indicated in Equation (A-16). For the
cases where film cooling is applied, an effective drag coefficient is manually
calculated in which the properties of the hydrogen film are included. The
approximation is of the form

c . (--Lysc (Lf)(pvz)f
= -—) 4+ 4
Dy ~ DUTTL)TEp (T oV,

where Lf/ L = the hydrogen film to total surface length ratio

For the case at hand an iterative procedure was utilized using the cycle,
kinetics, and turbulent boundary layer programs to arrive at a matched system

where the CD and AQR used in the cycle analysis was verified by the boundary
eff,
layer calculation.

Chemical Kinetic Analysis

A general chemical kinetic program is available at Republic Aviation
Division which yields thermodynamic and specie data for the hydrogen-air com-

bustion system. The program permits

I) the calculation of the equilibrium composition of an arbitrary mixture
of hydrogen and air (3.773 moles of nitrogen per mole of oxygen) as a function
of static temperature and pressure. The outputs are the partial pressures of
nine components (H2, 02, H20, H, O, OH, Ny, NO, N) as a function of tem-
perature.

o) the calculation of properties as in I for low temperatures where
the formation or destruction of NO might be slow compared with other reactions
of the hydrogen-air system. The ratio of NO to N, is specified and the partial

pressure is assumed to be zero.

I) the calculation of properties by inputting the molecular weight in
addition to the inputs of II. For this program option the assumption is made that only
shuffling reactions, involving no change in mole number between hydrogen and
oxygen compounds, are in equilibrium. In addition, the substantial derivative
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of the inverse molecular weight is calculated from a kinetic equation given in

the following paragraph. The derivative is then integrated to give the total
Eulerian reaction time.

It has been shown both theoretically (Reference 9) and experimentally
(References 11 and 30jthat at elevated temperatures above the ignition point,
the rapid shuffling reactions

OH+H2 2 H20+H

OH+ O = 0,+H

OH +H 2 O+H2

are equilibrated at the end of the ignition delay period and remain in equilibrium
throughout the reaction zone. Heat is released as the molecular weight gradually
increases as a result of several recombination reactions occurring in parallel.
The third option listed above considers the recombination reactions no longer in
equilibrium; instead, the chemical equations must satisfy the boundary condition
pressure, temperafure, and inverse molecular weight. The substantial derivative
D(1/W) /Dt is calculated and the substantial time necessary to reach the rth station
is given by

1
D)
1 1 W

t = (wr - Wr_l){: Dt ]r (sec.)

To calculate (D(1/W)/Dt), the following recombination reactions are considered:

H+OH+M = H20+M

H+H+M 2 H2+M

H+O+M & OH+M

O+0+M 2 02+M

in which M is the third body. Details of the program are contained in References
31 and 32. The reaction rates applicable to the above reactions are taken
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from survey data presented in Reference 33 which represents the latest test
data concerning hydrogen-oxygen reactions. The reaction rates that have been

used in the above equations are listed in Table A-1.

TABLE A-1 - RECOMBINATION RATE DATA

Reaction M K, (cm>/gmole) °K sec” !
H+OH = H20 +M HZO 1.8 x 1022 T—]”5
All Others 0.45 x 1022 7713
H+H+M = H,+M H, 5.0x 108 71
H,0 1.5 x 109 771
H 2.0x 1019 771
H+O+M = OH+M All 6x1014
0+0+M = O,+M 0, 2.0 x 1014 -
0o 5.5 x 101

Real-Gas Turbulent Boundary Layer

The turbulent boundary layer analysis used to calculate the integral pro-
perties for real-gas conditions is a modification of the Reshotko-Tucker method
presented in Reference 29, This modified method has been programmed for
digital computation on the IBM 7090 and affords several improvements over the
original method of Reference 29. These improvements can be summarized as

follows:




1)

2)

3)

4)

The removal of some serious objections which could justifiably be
leveled against the manner by which several integrals of enthalpy
distributions were approximated. This was accomplished by
utilizing the Crocco enthalpy-velocity relation, as a curve fit, in
evaluating these integrals.

No approximations are made concerning the viscosity-temperature
relation, and the relation between density and temperature at the
reference enthalpy state.

The calculation of boundary-layer momentum thickness is made
using the result obtained by transforming back to the physical plane
thereby removing the troublesome necessity of having to evaluate

stagnation values of certain properties.

Removal of perfect gas assumption and the utilization of existing
equilibrium air or hydrogen air combustion products tables to eval-

uate the thermodynamic properties within the boundary layer.

The proposed method utilizes a transformation of the independent variables

of the form

1/2
X 4 o 0.268 h
x = [ L5 (BT ey g (a-23)
X 0 o (¢]
(o]
1/2
h y
Y = (2) L gy (A-24)
hO J"O pO

with the velocities in the physical and transformed planes related according to

U= (ho/he)

1/2 u. As a result the governing differential equations expressed in

terms of the physical longitudinal distance for the transformed momentum thick-
ness, etr’ and the form facto’rw i which result are given by
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L O dUe [2_’_%’ _l_llv_ +‘_6£1" dr _
dx Ue dx iHe r dx

1/2 0.268 ; g -0.268

h
0.23 (£2) (“—) (=215 (A-25)

pO 0 VO

and

aw, 1 [‘Nl +1) (¥ ‘1)][1-(1-; )(2?1 :i:)] dx

Tdx
b, 1/2 0.268 {; o =-0.268 ( 2.9 X
* * WivMi -1.561 Fti
- 0.03 (0.123)(h ) EE Nith t
o] o o tr
(A-26)
where
L1/2
pe he / .
6, = — () 8 (transformed momentum thickness)
tr o, h0
j L--(1 ——) dy (physical momentum thickness _
Ho
Vo = o,
- 6*
#-L
H = Stagnation enthalpy
r =r (x) = local radius of body cross-section
and where

( )e = denotes local conditions external to boundary layer

( )o = denotes stagnation conditions external to boundary layer

{ )* = denotes conditions corresponding to reference enthalpy state
(

)w.—_ denotes wall values




These equations are the counterparts of Equations (12) and (13) of the Reshotko-
Tucker analysis of Reference 29. The program outlined below computes the
physical momentum thickness obtained by transforming back into the physical
plane the solution to Equation (A-25) and is utilized to compute various mass-
flow averaged properties such as velocity and enthalpy, as well as friction coef-
ficient and drag. An option is provided in the progra.tﬁ to allow for a perfect-gas
type calculation of the turbulent boundary layer.

At specified values of the independent variable, x/L, values of the following
quantities (which vary with x/L) are inputted:

u, = velocity, feet/second

P, = static pressure, pounds/sq ft

Te = static temperature, degrees rankine
r =  body radius, feet

In addition, the following quantities, which are constants, are specified:

L = wetted surface length, feet
T, = static wall temperature, °R .
He = total (stagnation) enthalpy at outer edge of boundary
2 2
ft"/sec
B, = coefficient of absolute viscosity, evaluated at stagnation

2

conditions, I/sec
- ft

together with the initial values (values at x/L = X, /L) of the following quantities:

initial values % 4

at X 6; = momentum thickness, feet

X _ 1

L L ('Hi)o = incompressible form factor
i
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For the real-gas option of the program, at each of the specified values of
x/L, the quantities

density, 1b sec?/ £

Pe =

e = coefficient of absolute viscosity, lp_zie_c_;
ft

h, = static enthalpy, ftz/ secz,

corresponding to the given values of p e and T ! are read out (via a table look-up
scheme) from the tables of thermodynamic properties of air, or, if specified,
from the table of properties for hydrogen-air combustion products. The following
quantity (reference enthalpy) is next computed at each of the specified values of
x/L:

2 2 2
X =
h 0.50 (he + hw) + 0,0980 u, (ft”/sec”)

Reference state values of density and coefficient of absolute viscosity, namely p*
and y*, corresponding to reference enthalpy h* at a pressure P, are looked up
from equilibrium tables at each of the specified values of x/L.

For the perfect gas optionon the otherhand, ateach of the specified values of
x/L, the quantities Pe and he corresponding to the given values of P and Te are
calculated using the perfect gas law assumptions, namely

Pe
Pe = RT
e
h =CT
e pe
The reference enthalpy is computed, as before, from h* = 0,50 (he + hw)
+ 0,0980 ug

The corresponding reference temperature is obtained from
h*
* = ——
™ =3

p

and is used to calculate the quantity
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p
e
P* = R
The quantities pu* and Ko are calculated at each of the specified values of x/L

using the Sutherland formula

_ T3/2x10 -8 Ib sec
B= 2.270 Cpiigg ) o2 )
¢

and by correlation formulae of the form:

c

BE _ ¢ p?

P 1

for other gas mixtures.
At this point the two fundamental boundary-layer quantities, the momentum

thickness, 6, and the so-called incompressible form factor, 2}11 can be computed.

The value of the momentum thickness, 9, at any specified value of x/L is
obtained from the following relation:

u B r, 1.2155j
L2155 "o, /2 0.2155 L 2155 o,
Pe | W /2 e e, % L
ol-2155 _ o
= , B "~ 1.2155]
1.2155 e 1/2 02155 r
Pe V) 1/2) he e 1)
e
-0.0525 . /L 0.268 r 1:2155] (uL)Bhl/ 2 4%
0.01773w °° L p* u* ) 1/2 e L
L h
Xo/L e
* B ' 1.2155]
1.2155 e 1/2 02155 T
Pe 7z 1/2) he Ue (L)
e
where:
j = 0, for the 2-dimensional case
j = 1, for the axisymmetric case
h
B = 2.62+158 -
se
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The incompressible form factor, ¥+ i? is obtained from the following transcendental

relation:
e
¢ )
(w)  n’
B, v
i)
e
where:
3a+5b 1 1
N i 2/ a-b?# 2(a+b) a- by 2(a-b) (a+b)()"3/' 1), ¢ (x)
and where
h
a = 1-0.40(1- ﬁl
e
hw
b = 0.16 (1- )
e
x o (?3/1-1.3)(3/1+7.25 ;
e(x) = -0. 193] # IS A EEy &
%o
and
3a+5b 1
g i 2/a a-b 2(a+b)” a-b ¥, 2(a-b) (a+b)(¢/ (T
f(?/‘i)i=(—‘&”a_b¢;i‘)i (BT (7/1—'_1_)1 e
The remaining quantities of interest, again at specified values of x/L, i.e.,
WV LT
RS H,2 =~ 2 hy H i
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o =96 Displacement thickness (feet)

. 2%.6
= 1_ i Average mass flow in the boundary layer
Pele ®i
o =06%+ p—v?{l— Boundary Layer thickness, feet
ee .
- .t 1
au—— = agl Average velocity
e i
a? _#itl
5 = 3% o1 Average squared velocity
u, i
Hav 1'lw (’-Hi 1) hw '
—_—= = + T (1- =) Average stagnation enthalpy
He He 2%, He
P U, 6
e, = ——Sm Reynolds number based on momentum thickness
6 Ko
. ' -0.268
C. = W _0.246 e 1 o7 (.U_) (ﬂ)
f 2 M K
Pelle Pe He e
P U 2
= €€
Tw= "2 G
and.
. x/L - 2 1/2
p=en)L| rIa+E)) rcos(arctan (8£)) dx/L)

o

can now be calculated. The local heat fransfer rate can be obtained using the
Colburn form of the Reynolds analogy for turbulent flow given by:

C
_ St o
NSt_ D) Pr

whence
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C
. _ “f -
" Uy = Pele (b —hy) 5= Pr¥
x/L

Q=)L rd (14
(/1)

2/3

dr21/2

ax) )

where the recovery enthalpy is given by

(iw d(x/L)



APPENDIX B
APPROXIMATE ANALYSIS OF COMBUSTION PROPERTIES
AT OFF-DESIGN CONDITIONS

In an attempt to speed up the iterative procedure required by the existing
cycle program to arrive at off-design conditions, an approximate analysis was
developed utilizing both cycle and boundary layer equations to arrive at con-
sistent initial values of CD and AQ. The analysis is based on the equilibrium
behavior of the Hz-air combustion products assuming a constant pressure
turbulent boundary layer.

From one-dimensional consideration of the combustion cycle, it is pos-

sible to express the governing equations as

continuity:

¥ = pAV ' (B-1)

g .
momentum:

=Y -

Adp+deAs— x dav (B-2)

energy: i
(51373n_+8936)(0.02917¢) Q
4 73 1+0.02917¢ 1+0.02917¢ W

It should be noted that Equation (B-3) has been re-arranged to suit the ex-
isting combustion cycle and kinetics digital computer programs where Station 2
refers to the combustor entrance, Station V3V to the end of the constant area
mixing,and Station 4 to the end of the combustor. If in general the cycle is de-
fined according to

p" 1A= const, - (B-4)

then integration of Equation (B-2) between Stations 3 and 4 results in

=¥ - - - -
D= (V3 -V,) - 10A, -pghy) (B-5)
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From constant pressure turbulent boundary layer considerations it can be
shown that an adequate representation of the skin friction and heat transfer
coefficients is

1/5 4/5
Co-—w _ _ 002 K / x / (B-6)
f 1 2 L 1/5 ‘u 3
D) peVe Rex e e
and
C.p V (h -hw)
f"e e''r
-4 = (B-7)
w 2P_ 2/3

%

where ( )r refer to recovery values, ( )e to external values and ( ), to

reference conditions (like the Eckert reference enthalpy values).

If an equation of state is defined in the form

m:x% | (B-8)
with |
u=Cch”

(B-9)

then the reference conditions required in Equation (B-6) can be obtained from

and 2

hy =% H,* h - (L -0.44 3’151:) L (B-10)

the Eckert reference enthalpy. The values of K, C, & and n are evaluated by
curve fitting the equilibrium values of the Hz—air combustion products over the
pressure, temperature and equivalence ratio ranges of interest to the present
study. Utilizing these results it is possible to express Equations (B-6) and
(B-7) as

4/5, 9/5 40 + 3n
K4/5 P Ve -

- 5 -
T, = 0.0145 75 37 h, (B-11)
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5 v,
, LHeg~ By -Q - vV Pr, 5 )] Ty
-g, == 375 7 (B-12)

Ty

Integration of Equations (B-11) and (B-12) over an equivalent cylindrical sur-
face area and assuming average external fluid properties (local flat plate or cylinder)

results in
0.01813 K/ 5pe4/ 5ve9/ A .
D= (B-13)
400+ 3n
C3/5 L1/5 h, 5
| v, 2
(Hg ~hy =@ -FP) ]
Q. = D (B-14)
& 2/3
V. P
e Ty

Consistent with the existing cycle and kinetics digital computer programs,
an effective drag coefficient is defined according to

_ D 3
Cp = (B-15)

TP
e 5 (V) A

where

2
V3, + (BV?)
(sz) av. = ? 2 :
and (B-16)
A" A\
— ._3 _.i. '
av. 2 @+ V3 )

Consequently, it is possible to arrive at certain pertinent relationships which
satisfy both the cycle and boundary layer requirements, i.e., 1) from combustion
cycle Equations (B~1) and (B-5)

Ag

- _._._ +
v 1 4A CDe n«)
4 3 ff
= (B-17)
Vv A
3 1+ 4AS Cp
4 °ff
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-
n-

0 =8 _p1-3 ] (B-18)
0 2 U A .J
P3V3 3
2) from boundary layer Equations (B-13) and (B-14)
1/5
v, V
(1 + —V—')
= 3 B-19)
Cp =% A, v, 175 (
e 3 4
ff 1+ +—
Ay V3
V (a+n)
-
where 1; LAH + oH (1+___) ]
1/5 2 3”4 J
_0.03625C VoT v, % darmm

Q ' S —
1” 1/5( 17g L%[AH+2(H3+hW)—(1—0.449’1?1;; s AR

(B-20)
and
A, v, 45
L+ 2 =)
QR Ay Vg
w =8 v, 475 (B-21)
1+ 7=
Vg
where
Q, A v2 V42
+2(Hg-h ) - (L~ J (1+ ) ] (B-22)

0, = —75 1= |5 08
2 2/3 A 1\ZL
2Pr 3

*

3) from cycle Equation (B~3)

)
AH + == =Q (B-23)
m
where
_ 1 r -
Q, = TT0-ozor7 5 L109-5 * (613730 +8936)(0.02017¢) | (B-29)
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4) from the requirements that (CD ) = (CD ) ,

°ff cycle °ff b.1.
A v, 1/5 A Y, 4/5 v,
40 =Q, — @1+ =) Q1+ =) -41 - — (B-25)
(o) 1 A3 V3 A4 3 V3
Qr Qr
and 5) from the requirement that (——) =(—)
w W
m cycle m b.1,
A,V 4/5
3 4
L+ 2=
= 4__3 B-26
Q, = AH + Q, ﬁw ( )
(1~ ) '
V3

Equations (B-21), (B-22), (B-23), (B-24) and (B-26) can be used to construct

Q A%
a nomograph which can be used to obtain AH, _wﬁ , —Vi and 02 for a given ¢ for
A ' m 3
the A_3 of the designed combustor. It should be noted here that conditions at

4
Station 3 are required for the calculation. These can be obtained in accordance with

the calculation procedure from Station 2 to Station 3 outlined in Appendix A, Once

Q A% ‘
, W—R , =X and Q, are determined Equations (B-18), (B-19), (B-20) and
m 3

(B-25) are used to calculate the remaining parameters, i.e., Ql, Qo’ CDeff’
and 7.

A separate study of the thermodynamic behavior of the hydrogen-air
combustion products yielded approximate values for the coefficient of Equations
(B-8) and (B-9) of

n = 0.6296
o = 0,3247
o 2
-6 BTU 1b.
K = 4.61453x 10 L¢ b, ) atm, fti-sec _
-6 1b.
C = 0.4501 x 10 T

- ft-sec( =)

73



74

for ¢ =0.5, and

n = 0.6392
= 0.3228
K = 4.4201ax10° [(BIU )y T fltt‘)l.—zsec J
Cc = 0.36851x107° S
ft-sec (=75 )
for ¢ =1.0,

These results together with Equations (B-8) and (B-9) represent good
approximations to the behavior of the gas mixture considered over the ranges
(0.5 atm. < p < 1.0 atm.) and (2000°R < T < 4500°R).




APPENDIX C

CALCULATION OF COMBUSTION STREAM TEMPERATURES
FROM SODIUM LINE REVERSAL DATA

The method used for the calculation of combustion stream temperatures em-
ploys a plot of line intensity (peak height in mm.)againstbrightness temperature (°R)
of the lamp image at the arc stream on rectangular coordinate graph paper to deter-
mine the temperafure at which the spectral line goes from emission to absorption.

The data taken from Figure 17 are as follows:

Continuum Temperature (°R) Intensity (Peak Height in mm.)

4334 -56

4064 -25

3795 _ -12

3290 + 4-1/2

3290 +42 Scale factor x 10
3000 +60,5 Scale factor x 10
2642 +67.5 Scale factor x 10

This data is plotted in Figure 91. The temperature at zero intensity is
3500°R,
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APPENDIX D
DETERMINATION OF THEORETICAL REACTION LENGTH

The method of analysis utilized to establish theoretical reaction lengths
follows the turbulent mixing analysis of Reference 25, The governing equations

as determined in that reference are

%‘qz
A= —
’2
l-ff
,2
Sy — fx
n =
¢*'f
where
P, § H Py
5 E——mﬁ;—qﬁ(x), 8=

R L

and where ( ), conditions refer to reference values. Furthermore

~ ~sM ~ 2~ =N
1-2 1/2
- 20' P P* €x ua x ,
X Uz ) “]
J‘i
ua s 4 ’
§=o(=2 | §-®

s =xo¢+ (1-x)f’
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/2 B u ~
_ Bk 7" P2 Ta X (X
y = ( ) (— s dx (D-9)
me, Py /Ha c J~o
where
B= 1D, o= -:% (D-10)

Consistent with the analysis, it is assumed that the turbulent exchange coef-
ficients are expressible as

¢ = —2 2 (D-11)

in the transformed plane and

2
kp “u_x
ple = ——2 (D-12)
%
in the physical plane. From recent work reported in Reference 34, it was found
that for the low speed-variable density case that

pf ’ = k x[ - l] : (D-13)

where k2 =0.00075. As a result

5f £

fl
e px omow B SR _
pe—kpauax =k (1—¢)pauax (D-14)
or
fl
k = 0.00075 (1 - - (D-15)
%
making Equation (D—6)
[ -2 (—) x'dx ] (D-16)
; VEN
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In the application of the method to the free-jet tests performed in the ex-
perimental program certain simplifications result. Since the tank pressure was
maintained constant during the testing, p, = constant; and u, = constant from |
momentum which results in h, = constant and p, = constant. As a consequence,
ﬁa = constant, Ea = constant, m = 0,and n = 1, Furthermore x = 1 which results

in ¢ = s in the expressions for X, y, y and k. Utilizing these results

. _ Pa
R=zx (x; = 0) (D-17)
a
and
£7 X
0.000
o

Flame Sheet Analytical Model

It has been demonstrated in the literature that a suitable approximation
to the quasi-equilibrium behavior of a combustion zone for temperatures of interest
in supersonic combustion can be realized by the assumption of a flame sheet model.
This combustion model is based on the low-speed flow diffusion flame concept applied
to high-speed flow. The assumptions made are that the reaction zone is of zero thick-
ness and that the reacting species burn instantaneously upon reaching the sheet. The
first assumption reduces the reaction zone to a surface which acts as a sink for re-
acting species, and as a source for the combustion products. The second approxi-
mation implies that the concentrations of the reactants at the sheet must be zero.
This requires that the reactants diffuse towards the sheet in the stoichiometric ratio
so that no species can diffuse across the sheet to react with those on the other side.
These simplifications are justified provided the reaction rates are very large com-

pared to the diffusion velocities of the species toward the sheet.

If one considers the speciesi = 1,2,3, and 4 to indicate molecular
oxygen, hydrogen, water in gaseous form, and nitrogen, respectively, then the

mass fractions are related according to

Yls - YZs =0
(D-19)
Y3s * Y4s =1




at the flame sheet. The chemical reaction considered in this combustion model is
H,+ %0, ~H,O0 (D-20)
2 272 72

where in general the element mass fractions are related to the species mass
fractions by ‘

?

” k
Yk= Zaik W, g (k= 1,2,..., e) (D-21)
- i
i
where e represents the number of elements in the system.

From the mixing analysis of Reference 25, the species concentrations
are determined from

— l _ / _ / -
Aol [zif £+ (1 2 )t ] (D-22)
Where Y

z; = L (for frozen flow case)

Ya

YNk
L=z (for the equilibrium flow case)

Yka

Consequently, at the flame sheet

w Y- Y, £ + (Y, - Vo) £

o 1 - 1 “la’f la "If _
Y157 7w, Yas = (1-17) » (D-23)
= _Va v o ot "%t M, - Yl (D-24)
Bs W, 3s , (1-ff')

which reduce to

w, ’ (f; ff') Doss

oW, 3s~ Yia (1-1) (D-25)
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W, (1-t)
W, Bs T (1- ) (D-26)

when utilizing relations

~

Yp= 0 Y1 =Yg % =0 Y=Y~

Equating Equations (D-25) and (D-26) and utilizing the latter of Equations (D-19)
there results
2W2 ,
b 1* w1 Yaalt .
s 2W, (D-27)
YT, Y

L™ W, (T 2w ) (D-28)

and

4a
= D-
Y, - (D-29)
1+

w

1 la

Once f; has been evaluated from Equation (D-27),x s is determined from the
£’ (x) vs x tables of Reference 35 for the 8(B8 = 0 for the present application)
and f}. Accordingly the shape of the flame sheet is given by

y / 0.00075 £ Xs
s _ [JYYUYIo _ L ’ D-30
X ; Sx (1 sf ) ‘[0 de ( )

For the constant pressure case the density ratio, s, can be calculated from

s = %-i = 1})\ { (l-lftf—) [gf‘ £f+ ”’gf)f'] y "} (D-31)
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which together with the definition of X results in
- 1 Y - / -
v o) {s-t;+-spt'} (D-32)

Consistent with these results the corresponding static enthalpy is given by
g Ug? |
-— - - / ————— -
h—Ha[)\'*(l As-f (2Ha)] (D-33)

The theoretical reaction length is calculated from Equation (D-30) according to
‘ y
s

x =
] T X ' (D-34)
000015\t pXs g
S S¢ o

utilizing a characteristic value of Vg For the single-point and three-point injection
cases y  was taken to be the diameter of the arc-jet nozzle, Accordingly,the reaction
length represents the distance required for the flame sheet (across which no oxygen re-
mains) to traverse the air stream. As indicated in the text the theoretical curve of Lr
represents an engineering approximation to the actual behavior since the actual flow

model is three dimensional in nature.

For the ring injection tests yg Was selected as the centerline value. In this manner
the reaction length calculated represents the axial distance required for the flame sheets
(eminating from both sides due to symmetry) to meet at the centerline of the arc-jet air
stream, The schematics shown in Figure 48indicate the various models utilized in both

the asymmetric and symmetric cases considered.

The analysis presented here to determine Equation (D-34) represents an applica-
tion of the method presented in Reference 25 utilizing a specific model of the eddy

viscosity as determined in Reference 34,
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APPENDIX E
DETERMINATION OF THE LOCAL EQUIVALENCE RATIO

In defining the equivalence ratio it is convenient to assume an initial state
of the gas mixture where the species composing the mixture exist in their mole-
cular states as unreacted fuel and undissociated air. The initial concentrations
of molecular oxygen, molecular hydrogen and molecular nitrogen are conveniently
expressed in terms of the equivalence ratio which is defined in accordance with

the chemical equation

O2 +AN2 +2¢ H, - products (E-1)
where
XN2 |
A=(x)
0
2 4
and
XH2
2= x) -
O

In terms of ¢ the initial concentrations are given by

sz 4.032¢x02
YHZ - XH2 w W (E-2)
w 32X
Y, =X O _ _ 2 (E-3)
o, %0, W W
Wy 28.016AX,
_ 2 _ 2 i
YN2 “*N, W T W (E-4)
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Accordingly,

Wy 4,032¢X
H2 — f a - Y = 02
Winix 1+ f/a H2 W
or
Wh Xy
W-W, X_ ~ (32+28,016A) (E-5)
2 g

In obtaining Equation (E-5) use was made of the definition
W = Z X, W, (E-6)
k

From Equation (E-5) it is evident that

_ 4,032
€/2)g; = T32+28.016A7 (E-7)

A mass balance of the chemical reaction required to go from initial
concentrations to final conditions in the gas sampling bottle after water

removal yields

1
) =(5n +n ) + () (E-8)
Oy'; 2 "Hy0 " TNO, Os'a
n;,) = @my) + Myn . (E-9)
Ny No'a 2 Noz)B
) = () + (@ ) (E-10)
Ho's Hy'a H,0'g

where subscript B refers to stream values prior to the cold trap and sub-
script A refers to values in the gas sampling bottle after removal of con-
densable species in the cold trap. Using the known initial proportions of

nitrogen and oxygen it is possible with the use of Equations (E-8) and (E-9)

to determine the amount of water that was removed from the system.

83



84

Accordingly

n 1 n n n
"o, 1 (g "HO + WO, + (o,
[ ne 4 A ON + 1 ™o E=0
which results in
(ny o) - 2 [n - _ _ 1 (ngn ) -
1,0/, i LN, Anoz)A a - 3 "wo, )y ] (E-12)

Since the number of moles of N2 and 02 are unchanged in passing through
the cold trap the subscript A in equation (E-12) can be replaced by the

subscript B.
From Equations (E-5), (E-8), (E-9) and (E-10) it is possible to
express the fuel-air ratio as

WHz [‘nHzo)B * (nﬁz)A-\

(f/a)z =

which with the use of Equation (E-12) becomes

—
[ .
| S—
|
=
[\)
S
oo

- : 1‘ n 1 n
¢ [V, 79 ] (Na)y  * 3 (NOyg

Using the stoichiometric fuel-air ratio given in Equation (E-7) together with
Equation (E-13) it is possible to obtain

n n 1 n
("N, + ("Hy), - 2(70,), ~(2 - 3) ("NO)n

"Ny, + 2 ("NOy)

2
A
s 1
B

which is the local equivalence ratio based on measured quantities. It should '
be noted that the A subscripts in Equation (E-14) can also be replaced by the

subscript B.

W ln n n 1. W n 1n
02[(2 HoO + "NOgg + ("Oy)y |+ "Ny [( Nola 3 (

Noz)B]

n n 1
("Npy + ("Hy)y - @m0y, - (2- %) (“N02>B} 19

(E-14)



The total number of moles required to obtain mole fractions of the

constituents prior to the cold trap is given by

(g = @+ 2) ("N, + ("Hy, - "0y, - (1- %) ("NO,)y  (E-15)

The value of A used in the calculations was determined from actual arc-

and O2 according to

jet input values of N2

(E-16)
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Frozen Flow Flame Sheet
Mixing Boundary
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Figure 48. Schematic Representation of Theoretical Model
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APPENDIX F

EXPERIMENTAL DATA

A complete record of the experimental test data is presented in the following

tables. This information has been included for completeness of presentation.
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